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Research and Development of a High Capacity 
Nonaqueous Secondary Battery 
SUMMARY 
We have begun a n  examination of the  role of impurities in influencing the  
electrochemical behavior in  nonaqueous electrolytes.  
vacuum disti l lat ion of propylene carbonate , butyrolactone and dimethylformamide 
a re  reported.  The resul ts  obtained with the g a s  chromatographic ana lys i s  of 
propylene carbonate are  s t i l l  tentative , but clearly a variety of impurities other 
than water are  present and may influence electrochemical behavior. Molecular 
s ieve  treatment of propylene carbonate solutions of lithium sslts is not sa t i s -  
factory s ince exchange between tne  sodium ions in rne s ieve ana iitnium ions 
in  the  solution occurs .  
The conditions of 
The lack of general information concerning electrochemical behavior in 
nonaqueous electrolytes has  led to the  examination of a variety of propylene car- 
bonate and dimethylformamide solutions.  
s a l t s  t o  form the metal deposit i s  not a straightforward process.  
that  the development of a useful lithium secondary electrode will require more 
detailed bas ic  research and we have anticipated some of the  problems t o  be 
examined by studying cathodic behavior in various lithium salt solutions.  
behavior is generally independent of the  anion, but is markedly dependent on 
t h e  nature of the substrate.  Platinum si lver ,  aluminum, beryllium, cobalt I 
nickel ,  and copper substrates have been used in  this  work. 
been examined for comparison: si1 ver perchlorate , potassium iodide 
morpholinium hexafluorophosphate solutions.  
much as 95% efficiency for lithium deposition can  be obtained. Thic is 
encouraging, and suggests  that further study of lithium ion reduction in  
The cathodic reduction of lithium 
It is expected 
The 
Other solutes  have 
and 
Under the proper conditions as 
i 
particular and cathodic reduction in general will lead to a clear df in i t ion  of 
t he  optimum conditions for a cyclable lithium electrode. 
A primary objective of our work is the development of a cyclable cathode. 
The cyclability will doubtless b e  dependent on the electrolyte and we have begun 
a screening of electrolytes by simply studying the  cathodic discharge of CuF 
i n  various electrolytes.  
discharge of AgCl electrodes.  There are  marked and surprising differences in 
discharge efficiency in the  various electrolytes.  The causes  for th i s  arc! not 
known. The resul ts  indicate that of the four solvents ,  propylene carbonate,  
dimethylformamide, butyrolactone , and acetonitrile , propylene carbonate is 
t h e  least satisfactory solvent , since discharges of both CuF, and AgCl seem, 
i n  general ,  to be less efficient. 
nature of the  solute and ,  in particular, potassium salt solutions allow only 
negligible discharge of both CuF The development of an  
efficiently dischargeable cathode is a prerequisite to the development of 
secondary el ectrodes and,  we believe , a cathode which can discharge with 
stoichiometric, thermodynamic , and kinetic efficiency will be inherently 
cyclable.  Therefore , we consider the  investigation of cathodic discharge 
to be of continuing importance, 
2 
For comparison, we have also studied the cathodic 
L 
The efficiency is also dependent on t h e  
and AgC1. 
2 
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Research and Development of a High Capacity 
Nonaqueous Secondary Battery 
ABSTRACT 
Electrochemical behavior i n  electrolytes employing as solvents I pro- 
pylene carbonate,  butyrolactone I dimethylformamide I and acetonitrile I h a s  
been examined. The cathodic reduction of silver chloride and cupric fluor- 
ide  electrodes has  been studied i n  these  electrolytes.  The cathodic behavior 
observed at constant current on various metal surfaces h a s  been studied in  
propylene carbonate and dimethylformamide solutions of several  salts with 
primary emphasis on lithium sal ts  and on the abil i ty to electrodeposit  lithium. 
Results of preliminary gas chromatographic analysis  of propylene carbonate 
a re  reported. 
I .  INTRODUCTION 
A.  Systems Selection 
1. Theoretical. Lithium is theoretically the best  anode for incor- 
poration i n  high energy density cel ls .  
A variety of cathodes with high theoretical energy density.exist .  
Many of these can be eliminated as probably being impracticable for second- 
ary cell operation. For example, it is doubtful that  salts of a metal i n  the 
+3 or higher oxidation state c a n  be reduced satisfactorily to the m e t a l  and 
subsequently re-oxidized on charge to the initial state. 
high theoretical energy density exist  in  a physical form which is unsuitable for 
incorporation i n  practical ce l l s .  Realistically, one is left with the salts of 
metals i n  the +2 oxidation state.  Of all such salts, CuF2 has  the highest 
thenreti cii 1 energy density.  
Other cathodes with 
The electrolyte serves such a complex function that  there is no 
theoretical bas i s  as  yet for selecting suitable electrolytes.  We do not believe 
conductivity is a primary criterion. 
2. Experimental. In the best  results obtained thus far lithium has  
- 2  been deposited from 0 . 1  M LiBF4/P. C .  solutions at 1 .26  mA c m  
at 2000 mC c m  
reported i n  the Second Quarterly Report it was  possible to  deposit  lithium L i  
on beryllium 
- 2  and subsequently re-anodized with over 90% efficiency. A s  
- 2  -2  from 1 M LiBF /P.C. on platinum for 6000 mC c m  25 mA c m  and subseq- 4 - - z  
uently discharge the deposit at 10 mA c m  with 78% efficiency. A s  discussed 
i n  the following section, we believe a desirable objective is an  electrode with 
-2  -2  
a capacity of 3 6 , 0 0 0  mC c m  , capable of operation at 1 0  mA c m  . The 
closest approach to this  objective was  described i n  the Second Quarterly Report, 
where the deposition of lithium from 1 M LiBF4/P.C. on platinum at 25 mA cia 
for 30 000 mC c m  subsequent anodic discharge a t  20 mA c m  with 47 % 
- 2  
- 2  - 2  
efficiency was  reported. 
prising. 
Such results are  as  encouraging as  they are  sur- 
N o  other anode has been reported to display equal or superior 
performance. We have not observed any deposition of aluminum , magnesium, 
or beryllium from the  solvents under current consideration. Sodium and pot- 
ass ium, while they may be deposited,  exhibit performance, so clearly inferior 
to that of lithium, that  detailed studies have not been made. 
Results on the CuF 
resul ts  we have obtained, a CuF -acetylene black m i x  electrode with a theor- 
e t ica l  capaci ty  of 3 0 , 0 0 0  mC was discharged at 4 . 3  mA cm-’ with 50% 
efficiency in  LiBF4/B. L .  However, cyclabil i ty h a s  not yet been observed with 
the CuF, electrode. 
quite f la t ,  suggests  that  the reduction proceeds i n  a relatively straightforward 
manner, without mechanistic complications. We do believe that  the CuF2 
electrode is not inherently irreversible and that cyclabil i ty can  and m u s t  be in- 
duced i n  some fashion. 
cathode are less encouraging. In the bes t  2 
2 
The fact  that the discharge curves for CuF, are  usually 
L Y 
3 .  Conclusions.  Lithium remains the anode of choice.  However, the 
behavior of the lithium electrode is  not straightforward. 
when a lithium sa l t  solution is cathodized is not simply the one electron reduc- 
t ion of a lithium ion to the metal. Improvement i n  the performance of the lith- 
ium electrode will most efficiently come from a better understanding of the de- 
position process .  
cathodic behavior i n  non-aqueous electrolytes.  
attempted to approach this  understanding by focusing attention on the effects of 
the electrode substrate  and on the role of impurities. We do not believe sa t i s -  
factory answers to the question of what happens when lithium is deposited will  
be found without much more intensive bas ic  research and we have sought to 
anticipate such research by simply describing the phenomena as  lucidly as 
The process occurring 
This involves a good deal more general information about 
During this  quarter we have 
2 
poss ib le ,  without undue interpretation. 
Cyclability should be inherent i n  cathodes which are  reduced in  
a straightforward fashion. The conditions necessary for inducing cyclability 
are not yet  c l ea r ,  and the problem is confounded by the fact that there is yet 
no c lear  understanding of what happens even on init ial  discharge.  
t an t  questions exist. 
Two impor- 
First ,  how is the salt reduced? That i s ,  what are  the 
general  mechanisms by which a n  insoluble salt may be cathodically reduced, 
and what are  the specific phenomena attending reduction of the various sa l t s  
of interest?  Secondly, what happens to the anion (oxide, fluoride, etc.) on 
reduction? Is the anion trapped , through precipitation , within the porous 
cathode? We believe a c lear  understanding of the processes  which obtain dur- 
ing reduction of cathode salts will almost automatically indicate the conditions 
necessary for inducing cyclability . 
niirincf t h i s  quarter we have simply concentrated on the discharge 
Discharges have been conducted on both CuF2 and AgCl i n  a variety process .  
of e lectrolytes .  AgCl has  been used a s  a type of reference system suitable for 
the investigation of cathode salt  reduction i n  non-aqueous electrolytes.  
e lectrodes show pronounced variations i n  discharge behavior with different elec 
t rolytes .  Again, at this  t ime, we simply seek  to describe the phenomena as 
clear ly  as  poss ib le ,  without undue interpretation. 
Both 
We recognize that a number of other cathodes should be examined 
but bel ieve,  for the present,  it is more desirable to investigate i n  some detai l  
only one or two specific cathodes i n  a n  attempt to understand the processes  
occurring. 
B .  Systems Development 
It is  unrealist ic to undertake a detailed examination of electrodes i n  
half-cell s tudies  i n  excess electrolyte and not consider the 
may be required i n  the type of environment which exists i n  an operating cell. 
modifications that 
3 
c 
In Appendix I we describe what we believe to  be a reasonable model for a high 
energy density non-aqueous cell. 
ode ,  each with a capacity of 1 0  mA-hr c m  
hour rate (10 mA cm-’). 
impracticable, but we believe i t  is essent ia l  that  the limitations of this  model 
be found to  guide future research into those a reas  which a re ,  indeed, most im-  
portant. 
This model cons is t s  of an  anode and a cath- 
- 2  , capable of discharge a t  the one- 
There is yet no apparent reason why such a model is 
We use th i s  cell model a s  a standard against  which to  measure the 
performance of electrodes.  For this  model to operate without excess  weight it 
is a l so  required that the electrolyte be such that ions can  effectively be trans- 
ported from one electrode to the other. Whether there are limitations to  the 
facil i ty with which th i s  process can  occur remains to  be learned, but is  is a 
process  which must be considered i n  systems development. It is an  important 
environmental re striction which may greatly modify the operation of individual 
e lectrodes.  
C .  Summary 
The resul ts  obtained to date i n  a screening program designed to  inves- 
t igate electrolytes and their effects on electrode performance are described. 
Electrolyte impurities wil l ,  of course, influence electrode behavior and the 
resul ts  obtained for the vacuum distillation of propylene carbonate,  dimethyl- 
formamide , and acetonitrile and the vapor phase chromatographic analysis  of 
propylene carbonate are described. 
and dimethylformamide are  described for a number of electrolytes and the 
phenomena of surface effects and background reduction described. 
charge of CuF 
variations i n  the different electrolytes noted. 
Cathodic reduction in  propylene carbonate 
The dis-  
and AgCl i n  various electrolytes is d iscussed ,  and significant 
2 
4 
11. PURIFICATION OF MATERIALS 
. 11-A. Introduction. Impurities present i n  solvents , solutes , and the  
materials of electrode construction m a y  seriously affect the validity of data , 
particularly i n  any screening examination. The co-reduction of impurities may 
be the sole source of lithium deposition inefficiency. Chemical compatibility 
s tudies  may reflect nothing more than the  rate of impurity attack , for example , 
o n  active metals. The evident solubility of cathode salts may reflect spurious 
impurity effects. 
The procedure we seek to follow is: 
(1) Purify solvents by distillation. 
( 2 )  Determine the  nature and quantities oi impurities and the 
eff icacy of disti l lat ion and molecular sieve treatment i n  removing these  impur- 
ities. 
(3)  Determine the impurities i n  the total electrolyte -- solvent 
plus solute. 
(4) Characterize the systems electrochemically to establ ish ten- 
tative hypotheses relating impurities to electrochemical propensity. 
(5) Investigate other methods of purification. 
11-B. Purification by distillation. During th i s  quarter three solvents have 
been disti l led,  and the conditions of distillation recorded. These solvents 
were propylene carbonate , dimethylformamide , and acetonitrile. 
A s  previously described, distillation is conducted using a 90-cm , 
j acke ted ,  electrically heated column packed with Berl saddles  and fitted with 
a water jacketed receiver. About three l i t e rs  of solvent are  placed i n  the  pot 
and the still is operated a t  total reflux until the  pressure and temperature be- 
come constant a t  the  distilling head. 
collected i n  a cold trap and discarded. 
The in i t ia l ,  low-boiling material is 
The specific conditions of disti l lat ion 
for the three solvents are described below. 
. Propylene carbonate (B. P.  = 241.7' C): In most of our previous work propylene carbonate has  been disti l led at 1 mm Hg. 
t ions the temperature at the distilling head is about 65O C; the pot temperature 
is maintained a t  13O-15O0C. During the past  quarter dist i l lat ion has  been con- 
ducted at a higher pressure and temperature, in  the hope that  cleaner separation 
might be effected. The pot temperature was  130-150°C. The pressure was  
maintained a t  4-5 mm Hg. throughout most of the run. When distillation be- 
gan ,  the pressure a t  the distilling head was  6 mm Hg and the temperature 
76.5-77OC. About 65 m l .  of distillate came over under these conditions. 
Thereafter t h e  temperature rose quite sharply to  92-9goC, and remained there 
for the res t  of the disti l lat ion,  the pressure fluctuating between 4 and 5 mm 
Hg. 
V.P.C. 
Under these condi- 
Successive fractions of distillate were collected and will be analyzed by 
Dimethylformamide (B . P. = 153OC): Total reflux was  continued 
until the temperature at the distilling head remained constant at 24-30°C at 
about 4 mm Hg. The pot temperature was about 65 C for the entire disti l lat ion.  
After the first 50 m l .  of distillate were collected the pressure was  increased to 
8-9 mm Hg and the temperature remained a t  39-50 C. for t h e  res t  of the dis- 
t i l lat ion.  
0 
0 
Successive fractions were collected and will be analyzed by V.  P.  c. 
0 Acetonitrile (B.  P. = 81.6 C. ): Distillation was  conducted at 
atmospheric pressure.  
at the distilling head 81-82OC. 
be analyzed by V. P.  C .  
The pot temperature was  83-84OC and the temperature 
Successive fractions were collected and will 
11-C. Testinq by Boilinq Point Measurements. Apparatus for accurate 
boiling point determinations has been received, but no data have yet been 
collected.  
6 
II-D. Testinq by Vapor Phase Chromatoqraphy. During this  quarter a 
Perkin-Elmer Model 801 Gas  Chromatograph has  been received and put into 
operation. 
A pair of matched, s ta inless  steel columns packed with 80 mesh 
Chromasorb W coated with 1 .5% SE-30 si l icon rubber were employed, using 
helium carrier g a s .  To establish the capabili ty of the hot wire detector and to  
test the resolving power of the columns i n  determining water three solutions 
were prepared in  the propylene carbonate solvent: 0.05 , 0 . 5  , and 1 . 1 M i n  
water. A wide variety of experimental conditions were tr ied,  i n  which we varied 
the injection temperature , the detector temperature , the column temperature and 
programming , and the sample size.  The optimum conditions were: 
Eelill!?? flew 21) ml/min  
Hot wire current 2 0 0  mA 
Injector temperature 250° C 
Detector temperature 250' C 
Column temperature 
Sample s ize  c a .  2 microliters 
100-250° C a t  32'/min 
Under these  conditions for the 1.1 M solution three peaks were obtained having 
retention t i m e s  of 2 0 ,  33 , and 60 sec. 
en t  of the propylene carbonate, the second was  water ,  and the third, which ex- 
hibited an  enormous plateau and pretailing was the propylene carbonate. In 
going from the 1.1 M water solution to  the 0 . 0 5  M solution, the water wave 
tended to  shift t o  longer retention t i m e s  and became a shoulder on the front of 
the propylene carbonate wave. This resolution was  unsatisfactory and other 
types of packing material were examined. 
The first was a n  unidentified compon- 
Matched s ta inless  steel tubes pre-packed with 10% carbowax 
K1540 on No.  6 mesh Teflon powder were used. 
ducted on unpurified propylene carbonate. This material, received i n  3 kg 
Initial examination was  con- 
7 
containers from Matheson Coleman and Bell was  described as  having a boiling 
point of 108-110 C at  1 0  mm; no further designation was applied. Initial ex- 
amination gave excellent results with good separation and little tailing of the 
peaks.  Two types of procedures were at length accepted: (1) isothermal opera- 
t ion at a column temperature of 200  C for fast, qualitative s c a n s ,  and ( 2 )  iso- 
thermal operation at 1 0 0  C for 50 s e c . ,  followed by a programmed increase of 
column temperature at 48 /min up to  200 C to obtain maximum resolution of 
the various components. A typical run is shown i n  Figure 1. 
cent  is approximately proportional to  the area of the wave. In Table 1 below 
are  shown the resul ts  obtained on the as-received propylene carbonate. 
0 
0 
0 
0 0 
The weight per- 
Table 1 
V.  P . C . Analysis of Unpurified Propylene Carbonate 
Com pone nt Retention Time Retention T ime  Approximate 
No.  a t  200O C for programmed weight percent 
I so t  hermal run 
11 1 4  
1 6  31 
2 1  96 
4 6  1 2 1  
46  197 
93 3 29 
-- a t  foot of 8 
270-274 -- 
0 .02% 
0 .75% 
0 . 1 %  
0 . 0 4 %  
0.08% 
1 . 0 %  
-- 
98% 
The next problem w a s  the identification of the major impurities. 
The direct addition of C 0 2  enhanced the area of peak 1 .  
of water enhanced the area of peak 3.  
oxide enhanced the area of peak 2 .  
The direct addition 
The direct addition of propylene 
Chromatograms were a l so  run using the 
8 
0 
Ln 
m 
0 
0 
c3 
0 
Ln 
c\1 
0 
0 
4 
0 
Ln 
C 
u 
0 
0 
0 
c 
Figure 1 
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hydrogen f l a m e  detector , which is not sensit ive to  water and carbon dioxide. 
These chromatograms did not show the presence of peaks 1 and 3 ,  thus lend- 
ing support to their tentative identification as CO 
Other possible impurities were added and the chromatograms run. Isopropyl 
alcohol,  propionaldehyde , and propiolactone gave new peaks , indicating that  
their presence i n  the initial material is improbable. Other materials will be 
added when received. We are  particularly interested i n  component 6 ,  which is 
the major impurity. 
and water respectively.  2 
Calibration curves for the V. P .  C .  analysis  of water i n  PC were 
prepared by analyzing synthetic mixtures of water i n  distilled propylene carbon- 
ate. 
at four injection volumes, 0 . 4 ,  0 .8  , 4 and 8 microliters. Linear plots of 
weight percent water versus peak area were obtained. 
propylene oxide were similarly prepared. In Table 2 below are  shown the resul ts  
of the subsequent analyses  using these  calibration curves and estimating the 
weight percent of component 6 directly from the area.  The "vacuum distilled" 
propylene carbonate used in obtaining these resul ts  had been standing i n  a 
closed f lask for over a month; thus,  we have little confidence that  t he  resu l t s  
are  more than tentative. 
Concentrations of 1 , 0 .5  , 0 .1  , and 0.05 weight percent were examined 
Calibration curves for 
Table 2 
V. P .  C. Analysis of Propylene Carbonate 
for Water and Propylene Oxide 
Sample Water Propylene Oxide Component 6 
P.C.  (as delivered) 0.086% 0 .50% 0.43% 
P. C.  (vacuum disti l led , stood 0 . 0 4 %  0.34% no ne 
P.C.  (as delivered, treated by 
long standing with Mol-  
ecular Sieves,  Linde 4A 0 .028% 
P.  C. (vacuum disti l led , stood 0.049% 
for one month, then 
treated briefly with 
molecular s ieves .  1 
for one month) 
0.45% 
0 . 0 0 2 %  
0 . 6 0 %  
0 . 1 9 %  
1 0  
A s  we acquire more familiarity with th i s  technique, we expect these  evident 
discrepancies to  be resolved. 
Vapor phase chromatography has  proved successful  i n  separating 
the various impurities i n  propylene carbonate. I t  can be used to  measure t h e  
water content and other impurities. When the identification of all the impuri- 
ties i n  propylene carbonate is complete, the technique will  be used for the 
analysis  of other solvents and,  f inally,  of solvent-solute systems. To the 
degree that various impurities are found to  be deleterious,  vapor phase chrom- 
atography will be used to investigate the  efficacy of different methods of pur- 
if ication. 
II-E. Testinq by Electrochemical Characterization 
II-E-1. Electrochemical Characterization: Introduction 
We seek ,  i n  our screening program , an  answer to the 
question: "What are the relative abi l i t ies  of various solvents to  allow lithium 
electrode po si tion ? I' 
The orthodox answer would be that i f  the cathodic decom- 
position potential of the solvent is more negative than that  of the lithium 
spec ies  i n  solution , lithium deposition will occur. 
of solvents to  support lithium deposition should increase as  their cathodic 
decomposition potentials are more negative. 
Further , the relative abil i ty 
Such a n  answer is  invalid. A s  has  been clearly pointed 
(1 1 out by Foley 
der ives  from the nature of the experiments performed i n  the early days of elec- 
trochemistry. The concept of a "min imum decomposition potential" , 
, the very term, "decomposition potential" , is ambiguous and 
(1) 
(1) Foley, R. T .  , Swinehart, J. S .  , and Schubert L. , "Investigation of Elec- 
trochemistry of High Energy Compounds i n  Organic Electrolytes" , April 
1 9 6 5 ,  NASA Research Grant NGR 09-003-005 
11 
defined a s  " the potential , anodic or cathodic , required to maintain a current 
densi ty  of the arbitrary value of 0 .1  mA cm"'' i s ,  we bel ieve,  quite useful.  
Unfortunately, it has  been our experience that  such a minimum decomposition 
potential cannot , i n  fact , be measured. An ' I  effect ive minimum decomposition 
potential" may be measured, but th i s  appears to have no correlation with the 
ability of the electrolyte to tolerate lithium electrodeposition. 
The difficulties in  solving th i s  problem ar i se  , we believe , 
from a combination of surface effects  , impurities , and the complex nature of 
the electrode react ions.  
solvents , propylene carbonate , butyrolactone , and dimethylformamide , are not 
equally satisfactory for u se  with lithium electrodes.  Any variations observed 
are not , we believe , ascribable to inherent solvent characterist ics and may, 
indeed , reflect nothing more than varying impurity contents .  
To date ,  we have no evidence that a t  least three 
A t  th i s  time, our specif ic  objective is  to  present a clear  
phenomenological description of what actual ly  does  happen i n  various elec- 
trolytes during cathodization. Thus, we do not concentrate only on lithium 
sys tems,  but a l so  on other electrolytes i n  order to obtain as  full a descrip- 
tion as  possible.  
The following propylene carbonate electrolytes have been 
investigated during th i s  quarter: 
PC/LiBF4 ( 0 . 0 1  - 0.06 M )  
PC/LiBr (0 .10  M )  
PC/LiI ( 0 . 0 9  M )  
PC/AgC104 (0 .03  M )  
PC/KI (0.1 M )  
PC/Morpholinium PF6 (0.25M) 
DMF/LiBF4 ( 0 . 1  M )  
DMF/LiCl ( 0 . 1  M )  
DMF/AgC104 ( 0 . 1  M) 
II-E- 2 .  Electrochemical Characterization: PC/LiBF4 
1 2  
Vacuum disti l led propylene carbonate was  made 0 .01  M i n  
LiBF4. This low concentration w a s  selected a s  probably being less than the 
concentration of impurities i n  the electrolyte. A ser ies  of electrochemical 
measurements were performed , a s  described below. Thereafter portions of 
solid LiBF4 were added to make the solution 0 . 0 2  , 0.03 , 0.04,  and 0 . 0 6  M 
i n  LiBF4, and similar electrochemical measurements performed after each addi- 
tion. 
In Figure 2 i s  shown a n  actual trace of the resul ts  ob- 
tained when a freshly polished platinum d i sc  electrode ( 0 . 2  c m  ) was cath- 
odized potentiostatically , using the Wenking Potentiostat , and the resultant 
current recorded. 
obtained. 
2 
This is the raw data from which the polarization curve is 
In Figure 3 is shown the polarization curve,  a plot of 
current density versus the corrected potential. 
is made as follows. A s  described i n  some detail  in  the First Quarterly Report 
the i R  drop included i n  the measured potential between the working electrode 
d i sc  and the silver electrode d i s c  is given by: 
The correction for the potential 
- 2  
i R  (V) = i (A c m  ) . R (ohm-cm) . dL (cm)  
where i is the measured current densi ty ,  R is the measured specific res is-  
t ance ,  and d is an  effective length corresponding to  the dis tance between the 
t ip  of a Luggin capillary and the surface of the working electrode. This effec- 
t ive dis tance must be measured experimentally and,  a s  discussed in  the First 
Quarterly Report, was found to be 0 . 1 5 7  (*5%) c m  for the type of geometry e m -  
ployed i n  our systems.  The data shown in  Figure 2 have been corrected i n  
th i s  manner, using the final value of the observed current immediately before 
going to  the next higher potential. A s  a n  example, the final measurements 
made a t  -4.6 V yield a current density of 1 .05  x 1 0  
resis tance was  4340 ohm-cm, thus a n  i R  drop of 0 . 7 1  V is calculated and 
th i s  , subtracted from the measured potential gives  the corrected potential of 
L 
-3 - 2  
A c m  . The specific 
1 3  
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resul ts  shown in  Figure 3.  
The other data i n  Figure 2 have been similarly corrected to give the 
When the measurements were discontinued, a deposit  of 
The open circuit potential of lithium was  observed on the working electrode. 
the lithium deposited working electrode was  -3.1 V versus the si lver d i sc  ref- 
erence electrode. 
We do not consider data of the type shown in  Figure 3 
to  be a reliable reflection of the electrochemical properties of the systems.  
In particular, we focus attention on the "background current" , that  current ob- 
served before lithium deposition ( i . e . ,  at potentials more positive than -3.1 V 
vs. Ag d i sc  R.E.). , is , we believe , - 2  The observed value,  about 0 . 0 5  mA c m  
unreasondbiy luvv. m'- l  l l l S 6  ~ W l l ~ J . U , 3 I U I I  ----'-,-: 1s ' U U Y I U  h=, c-nd An "A* t h e  -..- --___ fnl 1 nwi ncf rea snning.  If 
the background reduction is that of some soluble , electroreducible , impurity , 
we may estimate t h e  concentration of th i s  material i n  the solution. 
work i n  propylene carbonate solutions indicates  that  , i n  stirred solution , the 
limiting current is related to t h e  concentration of reducible material thus: 
Our previous 
- 
i (mA c m  2, %' (100)  (Conc. i n  M 1-l) (n electrons) 
If , for example , t h i s  background material were water , undergoing a two- 
electron reduction, t h i s  would correspond to  a concentration of water of 0.05/ 
1 0 0  = 5 x 10 
this  is a concentration of: 
-4 -3 M .  For propylene carbonate with a density of 1 . 2  g c m  , 
= 7.5 x 1 ~ - 4 %  18 q M - l )  
5 ~ 1 O - ~ M c m  -3 ) (  
Wt % water = ( -3 1 . 2  g c m  
o r  7 .5  parts per million, by weight. We believe 100 parts per million to be a 
more reasonable expectation , and conclude that the background reduction does 
not correspond to the diffusion limited reduction of water. 
16 
Furthermore, we have consis tent ly  found tha t ,  i n  pro- 
pylene carbonate lithium sa l t  solutions, t h i s  background current does not re- 
main constant with t ime, but steadily diminishes. Thus,  true s teady state 
conditions a re  not observed. In those cases where steady state limiting cur- 
rents  are observed,  we have found tha t ,  i n  stirred solution, the s teady state 
situation is obtained within seconds after commencing electrolysis .  Finally, 
the osci l la t ions about an  average s teady state current, customarily observed 
for reductions on solid electrodes in  stirred solution, are not observed for 
the background reduction. 
(2) 
To summarize, though potentiostatic,  steady state meas- 
urements consti tute a c lass ica l  electrochemical technique, we do not believe 
the  resul ts  are  interpretable i n  terms of a diffusion limited process and the 
observed currents cannot be related to impurity levels. 
to alternative electrochemical techniques . 
Recourse must be had 
Chronopotentiometry has been extensively used by u s  i n  
our work. 
- 2  electrodes at 1 ,  0 . 5 ,  and 0 .3  mA c m  , Typical resul ts  are  shown i n  Figure 
4 .  These are actual  t races  of the chronopotentiograms and have not been 
corrected for i R  drop, which is calculated to be 0 . 7 0 ,  0 . 3 5 ,  and 0 . 2 1  V res- 
pectively at 1 ,  0 . 5 ,  and 0 . 3  mA c m  . 
Chronopotentiograms were run on  freshly polished platinum disc  
- 2  
What information do such chronopotentiograms convey? 
First ,  it will be observed that considerable reduction occurs at potentials 
positive to the lithium deposition potential. The lithium deposition potential 
h a s  been calculated by adding the i R  drop calculated for the separate current 
densi t ies  to the observed open circuit  potential of the deposited lithium elec- 
trode of -3.1 V. The amount of background reduction i s  obtained by multiplying 
(2) Vetter, K. J .  Elektrochemische Kinetik, Springer-Verlag , Berlin, 1 9  61 , 
pp. 306- 308.  
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the  current by the t i m e  required to reach the lithium deposition potentials and 
is about 2.5,  4 .5 ,  and 6 .6  mC c m  
and 0 . 3  mA c m  . A monomolecular layer of material on a n  electrode surface 
-2  (e .g .  , PtO) has  a capaci ty  of about 0 . 2  mC c m  . Nevertheless,  consider- 
ing the possible surface roughness (Note:  the electrodes were polished to a 
mirror finish with 1 micron alumina) it is quite possible that  th i s  background 
reduction is  merely that  of an adsorbed layer of oxygen. 
- 2  respectively for reductions at 1 , 0 . 5 ,  
- 2  
Secondly, i t  is interesting to compare the observed 
"transit ion t i m e s "  with those theoretically anticipated.  In the past  we have 
found tha t ,  i n  propylene carbonate-lithium salt solutions , a transition t i m e  is 
always observed for which the product , iT1" (in mA ern-') , is about 200 t i m e s  
the concentration of the lithium salt (in M 1 
one would therefore expect  a transition t i m e  at 4 sec. for reduction at 1 mA 
-1 
). For a 0 . 0 1  M LiBF4 solution 
- 2  - 2  c m  , and a t  16 sec. for reduction at 0 . 5  mA c m  . These theoretical transi- 
t ion t i m e s  are  shown by the solid c i rc les  i n  Figure 4 .  
chronopotentiograms shown i n  Figure 4 are quite messy ,  and little significance 
would be attached to  them were there not some theoretical justification for 
ana lys i s .  We believe that  the fact that  the theoretically anticipated transition 
t i m e s  for lithium reduction are consistently observed, even though it is  evident 
that  there is extensive background reduction, suggests  that  lithium ions are  , 
i n  some way , consumed during background reduction. Suppose there exis ted 
a surface f i lm of oxygen or water on the electrode. 
a r e  consis tent  with the data shown i n  Figure 4: 
Now , of course,  the 
The following reactions 
- + 
O2 + 4 Li  3. 4 e = 2 L i 2 0  
- + 
H 2 0  I- 2 L i  + 2 e = H + L i 2 0  2 
Either spec ie s ,  O2 or H 2 0 ,  could serve as  the spec ie s  S 
page 1 3  of the Second Quarterly Report. 
hypothesized on 0 
1 9  
The nature and extent of background reduction seems to  
be about the same,  regardless of the concentration of lithium sa l t .  In Figure 
5 are  shown the resul ts  obtained at 1 mA c m  solutions,  4 
Although i n  Fig. 5 we have shown the expected lithium deposition potential i n  
each  case by adding the i R  drop to 3 .1  V ,  it should be apparent that  relatively 
minor changes i n  the correction or t h e  zeroing of the recorder would move these  
points quite a bit from left to right. We do not know whether the evident varia- 
t ions i n  the extent of background reduction are  real  or not -- the question may 
be argued either way. 
- 2  i n  each  of the LiBF 
Figure 6 shows a ser ies  of chronopotentiograms which dis- 
1/2 play the relationship between the concentration of the lithium salt and i T  
The following values are calculated from the apparent point of inflection on  the 
chronopotentiograms . To demonstrate the proportionality between i T  and 
concentration, the term iT1/2/C is a l so  shown below. 
. 
1/2  
Conc. of LiBF4 
0 . 0 1  
0 . 0 2  
0 . 0 3  
0.04 
0 . 0 6  
2.3 
4 .05  
O 6 . 1 5  
8 . 1 6  
12.3 
i T ’’ ’/ C 
mA c m  s e ~ l / ~  mM-‘ 
200 
202 
207 
204 
205 
The solid c i rc les  in  Figure 6 represent the calculated lithium deposition poten- 
tial given by: E = - 3 . 1  - i R .  Again, the i R  drop a t  the specified current was 
calculated from the measured specific res i s tance ,  as  previously d iscussed .  
Summary: LiBF4/PC. The phenomenon of I ’  background 
reduction” is described i n  more detai l .  The following points are noted: 
(a) Background reduction is evidently not a diffusion 
20 
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limited cathodic reduction of soluble , reducible impurities. 
(b) Background reduction evidently resul ts  i n  the con- 
sumption of lithium ions ,  a s  attested by the constancy of iT1'2/C. 
(c) Although it is presently our objective only to describe 
the phenomenon, tentative hypotheses may be advanced. 
may be the formation of insoluble lithium salts at the electrode surface (See 
Second Quarterly Report) , which deactivate the surface toward further back- 
ground reduction. Another explanation m a y  be the formation of surface alloy 
formation, i n  which the activity of the lithium metal is significantly less than 
unity, to account for the fact that the potentials a t  which background reduction 
occurs are  positive to  that  of a lithium metal electrode i n  the same solution. 
One explanation 
I .\ .. . 
\a) LL is siiii questioi-,abie t~ y;ki;t degree the " b a c k ~ m ~ ~ . n d  
reduction" here described is relevant to the cyclabil i ty of a lithium electrode. 
However, an appreciation of the  phenomenon is relevant to electrolyte evalua- 
t ion and screening and to the determination of "minimum 
tials. I '  
decomposition poten- 
(e) Further work i n  the study of the  phenomenon of 
background reduction will be done concurrently with analytical  determination 
of the concentration of water in the electrolyte and ,  i f  possible ,  other impuri-  
ties found by V. P.  C.  The deliberate addition of water and,  i f  desirable , other 
impurities will a l so  be done, to s e e  how the character of background reduction 
changes . 
II-E-3. Electrochemical Characterization: PC/LiI 
A supply of nineteen different lithium salts has  been re- 
ceived,  Experiments were begun with lithium iodide. Iodide solutions are  
useful for two primary reasons: 
AgI , thus providing a stable reference electrode with a thermodynamically 
0)  silver may be anodically oxidized to 
23  
meaningful potential , and (2) the anodic chronopotentiometry of the iodide 
ion may be investigated , providing additional information concerning the sig- 
nificance of i T 1 j 2  measurements i n  poorly conductive solutions in  the absence 
of supporting electrolyte.  
A variety of measurements were performed on both polished 
silver and polished platinum electrodes.  The resul ts  a re  conveniently summar- 
i zed  by the chronopotentiograms with current reversal  shown in  Figure 7 ,  
open circuit  potential of a n  electrodeposited lithium electrode versus the silver/ 
si lver iodide reference electrode was  -2.45 V. The specif ic  res is tance of the 
solution was  590 ohm-cm, from which the i R  correction at the various currents 
was  calculated and added to the open circuit  potential to  give the theoretical 
lithium deposition potential shown in  Figure 7 .  
The 
Several conclusions are  apparent from the  chronopotentiogram s 
shown i n  Figure 7 .  
a .  The amount of background reduction on  platinum appears 
to be larger than on silver.  
b .  Anodic utilization is about the same on both electrodes 
but the discharge curves on silver are  significantly flatter than on platinum. 
c,  Though the  observed lithium deposition potential differs 
somewhat from that theoretically calculated,  we do not at th i s  t ime believe 
th i s  indicates  severe electrokinetic irreversibility. 
0 .8  mA c m  
the anodic dissolution potential is -2.38. 
odization of 0 . 0 6  V I  and on anodization of 0 . 0 7  V .  
For example , on silver a t  
- 2  the deposition potential, corrected for i R  drop is -2.51 V I  and 
This gives  a n  overvoltage on cath- 
Using the simple expression 
= 0.059 log i/io, where is the activation (electrokinetic) overvoltage, 
i is the current density,  and i the exchange current densi ty ,  one calculates  
a n  exchange current of about 0.064 mA c m  for q= 0.065 V. At present 
we doubt , ho w v e r ,  that  the apparent deviation of cathodic and anodic 
0 -2  
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potentials about the open circuit potential is less a reflection of electro- 
kinetic irreversibility than of t h e  concurrent growth of insulating f i lms  at the 
electrode during deposition. 
Finally, we consider two other facts observed i n  th i s  study: 
d .  The value of iT1’2 on platinum varied from 18.7 to 20.4 
mA c m  sec over a range of currents. That on silver varied from 16 .4  to 
18 .1  mA c m  
error and we cannot say  whether the deviation is real  and significant or not. 
- 2  1 /2  
- 2  sec1l2. The deviation is not outside the bounds of experimental 
e. The open circuit potential of a lithium electrode in  0 .09  
M LiI/PC vs .  a Ag/AgI electrode i n  the s a m e  solution is -2.45 V. The calcu- 
la ted potential difference between a lithium electrode i n  a n  aqueous 0 .09  M 
LiI solution is -3.03 V v s  . a Ag/AgI electrode in  the same solution. A s  dis-  
cussed  i n  Appendix11 we ascribe th i s  largely to a difference in  the  heat  of 
solution of LiI in  the two solvents of about 1 0  kcal  M - l .  
f .  Finally, the anodic oxidation of iodide was  studied 
chronopotentiometrically on platinum. Anodic chronopotentiograms showed 
transit ion t i m e s  which gave values for i T 1 l 2  of 1 6 . 9  to 17.4 mA c m  
These are almost identical  to those obtained for the reduction of lithium and 
indicate the effective transport parameters of the two species to be similar. 
- 2  1 /2  sec . 
I I-E- 4. Electrochemical Characterization: LiBr/PC 
A propylene carbonate solution of LiBr, 0 . 1  M I was prepared 
and examined chronopotentiometrically . It had,  at th i s  t i m e  I been found that  
quite marked differences for lithium deposition exis ted for various electrodes I 
and particular attention was  directed toward investigating th i s  phenomenon in  
the LiBr solution. 
In Figure 8 are shown chronopotentiograms obtained a t  7 mA 
-2  cm on the six metals investigated: platinum, s i lver ,  cobal t ,  nickel I 
aluminum, and copper. The shape of a chronopotentiogram has  theoretical 
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importance, jus t  as does  the shape of a polarogram, and th i s  is d iscussed  in  
a later section of this report, Kinetic Studies. Observe that the transition 
t i m e s  vary from about 7 to 9 seconds on the various metals ,  giving values for 
iT112 of from 18.5 to 21  mA cm-’ sec112. This is a variation of about *5% 
about the average. We cannot yet s a y  whether the variation is real or results 
from experimental error. 
In Figure 9 are shown chronopotentiograms with current 
-2  - 2  reversal  at 2 mA c m  , and i n  Figure 1 0  similar measurements at 0 .8  mA c m  . 
Again , we note without further comment the difference i n  background reduction 
on  the metals , and also the shape of the subsequent anodic stripping curve. 
The open circuit potential of a lithium electrode i n  the 
- c  c .  0.1 M LiBr/PC solutions w a s  -2 .33 v vs. ihe AyiAySi- i-&eTefiCe d e e t r ~ c k .  
The calculated potential in  aqueous 0 .1  M LiBr vs  . the  AgBr electrode would 
be -3.17 V. Again, we ascribe the difference in  potentials to a difference i n  
heats  of solution of about 10  kcal M-l I as d iscussed  i n  Appendix 11. 
Attempts to establish anodic iT1’2 values for the oxida- 
tion of the bromide ion were not attempted in  this study. 
II-E- 5. Electrochemical Characterization: PC/AqC104 
The reason we perform measurements on AgClO solu- 
t ions is to have a reference sys tem for comparison with the resul ts  obtained 
i n  the lithium salt solutions. The reduction of the si lver ion,  being a one- 
electron reduction, is therefore like the reduction of the lithium ion ,  
equivalent conductance of an  AgC104 solution is similar to  that of a lithium 
salt solution, hence one expects similar transport parameters for the two 
species  , and,  accordingly I similar iT1” values.  
4 
The 
In Figure 11 are shown a ser ies  of chronopotentiograms 
obtained i n  propylene carbonate, 0 .03  M in  AgC104. These 
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chronopotentiograms were obtained on silver electrodes.  Chronopotentio- 
grams obtained on platinum electrodes were identical. The transport properties 
of the 0 ,03  M AgC104 solution are compared with those of the 0.03 M LiBF4 
solution , reported in  Section II-E- 2 ,  above: 
-1 2 -1 1/2 -2  1 / 2  0.03 M LiBFq = 2 0 o h m  c m  M i T  = 6 m A c m  sec 
0.03 M AgC104 = 2 5 o h m  c m  M - 2  i T 1 l 2  = 7 . 7  mA cm sec -1 2 -1 
The similarity further establishes the validity of i T 1 j 2  values for the lithium 
reduction. 
Finally , i n  the AgClO 
second reduction which occurs  following that of the si lver ions.  
potential at which th i s  reduction occurs is given below: 
solutions,  we are interested in  the  4 
The maximum 
Current Observed Potential i R  Correction Corrected Potential 
1 0  mA c m  -4 .10  v 2.15 V -1.95 v 
4 mA c m  -3.00 V 0 .86  V - 2 . 1 4  V 
3 mA c m  -2 .60 V 0.65 V -1.95 V 
2 mA c m  -2.35 v 0.43 V -1 .92 V 
- 2  
- 2  
-2  
- 2  
These potentials,  it must be noted, are with respect to a silver electrode i n  a 
solution of silver ions.  The potential of such a n  electrode is not the same as  
that  of a si lver d i sc  R.E.  in  a solution in  which silver ions are absent .  These 
potential relationships are clarified below: 
E of Li electrode in Li salt/PC vs. 
Ag d i sc  R.E.  i n  Li  salt/PC 
E of Ag electrode in A s  salt/PC vs.  
Ag d i sc  R.E. i n  Li salt(PC 
E of Li  electrode in u s a l t / P C  vs .  
A g  d i sc  R . E .  i nAgsa l t /PC  
-3.1 v - 
+0.7 V - 
-3.8 V - 
32 
E of second reduction i n  Ag salt/PC vs. 
Ag d i sc  R.E.  in  Ag salt/PC = ca. - 2 . 0  V (see above) 
Thus, the second reduction observed in  Figure 11 occurs about 1 .8  V in  advance 
of the reduction of lithium to the m e t a l .  
The reason why the potential for this  second reduction goes 
through a maximum and then decreases to  less negative values m a y  possibly 
be ascribed to  the fact tha t ,  on reduction, si lver dendrites were observed to 
form which penetrated into the solution. This may have decreased the i R  drop 
between the reference and working electrodes,  thus resulting i n  an  apparent 
decrease i n  the potential difference. 
We do not know what th i s  second reduction might be.  It may 
even be reduction of solvent itself on the fresh,  s i lver  surface presented dur- 
ing deposit ion,  whereon one might expect the overvoltage for solvent reduction 
to be significantly decreased.  Similar phenomena are observed during chrono- 
potentiometric measurements i n  aqueous solution. 
se rves  the cathodic behavior on polished platinum electrodes i n  aqueous perch- 
loric ac id ,  the overvoltage for the reduction of hydrogen ions is significantly 
greater than is observed when a si lver salt is dissolved i n  the solution, and 
cathodization performed. In the la t ter  case the reduction of si lver will proceed 
before the reduction of hydrogen ions ,  and a fresh,  catalytically active silver 
surface is thus presented for subsequent hydrogen ion reduction. 
For example, i f  one ob- 
II-E- 6 .  Electrochemical Characterization: PC/KI 
The previously described resu l t s  for lithium and silver 
salt solutions in propylene carbonate indicate what should be expected when 
a 1:l univalent electrolyte is subjected to  cathodization. I t  was  of interest  to 
examine another active metal salt, and KI was chosen ,  s ince the resul ts  
could be conveniently compared with those for the WI  solution. 
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We consider first the cathodic behavior on freshly polished 
platinum. Chronopotentiograms were performed at six currents between 0 .5  to 
7 mA c m  . Two runs were made at each current. The resul ts  were not repro- 
ducible and th i s  is shown by the two examples i n  Figure 1 2  by the dotted l ines .  
These are  two chronopotentiograms run at 2 mA cm 
platinum (not repeated on the same electrode),  
t h i s  current was  calculated to  be 0.15 V. 
t ion along with significant gassing. 
lithium salt solutions,  where a fine gray deposit  forms and no significant gassing 
is observed at the currents normally employed. 
current, there was  no significant anodic oxidation of potassium. 
-2  
- 2  on freshly polished 
The correction for i R  drop at 
Violet deposi ts  formed during deposi- 
This is contrasted with the behavior of the 
Furthermore, on reversing the  
The results on silver electrodes were more similar to 
those obtained for the reduction of lithium. In Figure 1 2  are shown the two bes t  
examples. We consider first  the  run performed at 8 mA c m  
calculated i R  drop is 0.57 V. Thus, correcting the measured potential of re- 
duction, ca. -3.45 v ,  for i R  drop gives a deposition potential of -2.88 v.  An 
approximate iT1’2 of about 30 mA cm 
conductance of 21  ohm c m  M . Comparing these  resul ts  with those des-  
cribed i n  the previous section II-E-5 indicates such a n  i T 1 l 2  is not wildly 
different from that  expected. The current was  stopped after 18 .5  sec. and the 
0. C. V. recorded. After about 5 sec. the drop i n  0. C.  V. indicated , we believe , 
the  loss of potassium through chemical reaction with the electrolyte. 
- 2  , for which the 
- 2  set'" is compared with the equivalent 
-1 2 -1 
In Figure 1 2  is also shown a chronopotentiogram obtained 
o n  silver at 7 mA c m  The calculated i R  drop is 
0.49 V I  giving a corrected cathodic deposition of -3.404- 0.49 = - 2 . 9 1  V. 
The anodic dissolution potential is similarly corrected giving -1 .70  - 0.45 = 
-2.19 V. If we take the average of the corrected cathodic deposition potential 
and  the anodic dissolution potential as the true open circuit potential for 
potassium deposition we obtain -2.55 V. 
- 2  followed by current reversal .  
This, it will be observed is almost 
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-2 
ident ical  with the init ial  0. C. V. obtained for the run performed at 8 mA c m  
shown in  Figure 1 2 .  This should a l so  be compared with the potential of 
-2.45 V for the lithium electrode i n  the LiI solution. 
I 
The behavior of potassium i n  these  relatively cursory 
experiments is so inferior to that of lithium in  similar electrolytes that  we 
eliminate potassium from further consideration. Since both potassium and 
lithium have about the same theoretical deposition potential ,  and are both 
monovalent i ons ,  the differences in  behavior are  somewhat surprising and 
attest, we bel ieve,  to the uniqueness of the lithium ion. 
II-E- 7. Electrochemical Characterization: Morlsholinium P F 6 / E  
We anticipate further investigations into the use of alkyl 
ammonium salts. We have begun th is  work with preliminary electrochemical 
characterization of propylene carbonate solutions of Morpholinium hexa- 
fluophosphate (MoPF6). The morpholinium ion has  the structure: 
and thus h a s  two active hydrogens. Morpholinium s a l t s  have been reported 
to have quite high conductivities, and it was  of interest  to see whether the 
electrochemical activity of the ion was  sufficiently great to prevent incorpora- 
t ion i n  lithium cells. 
Propylene carbonate solutions,  0 . 2 5  M in  MoPF6, were 
examined. 
e lectrodes,  The resul ts  are  shown below. In each  case the potential rapidly 
rose  to  the init ial  value indicated within 0 . 2  sec. after the commencement 
of cathodization. Thereafter there was  a slow increase i n  potential with t i m e  
Constant cathodic current was applied to  platinum d i sc  working 
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to the final value indicated. No transition t i m e s  or  other irregularities i n  the 
chronopotentiograms were observed. The specif ic  res is tance of the solution 
w a s  206 ohm-cm, and the potentials given below, with reference to the si lver 
d i s c  R.E.  , have been corrected for i R  drop. It will be recalled the potential 
of lithium deposition is -3.1 V versus the si lver d i s c  R . E .  
Current Potential after 0 . 2  sec Potential after 25 sec 
- 2  2 . 4  mA c m  -0.68 V 
6.0 mA cm-2 -0.78 V 
1 5  m A c m  -0.7 v 
37.5 m~ cm-’ -0.68 
- 2  
-0 .76  V 
-0.80 V 
-0.80 V 
-0.98 V 
- 2  The largest iT1’2 was  37.5 x (25)112 = 188 mA c m  
sec112. If reduction were of the morpholinium ion ,  i f  both act ive hydrogen 
were reducible,  and i f  the diffusion coefficient of the ion were the same as 
that  of the lithium ion,  one would calculate  a n  iT112 for reduction of 0.25 x 
-2  200 x 2 = 1 0 0  mA c m  
t ions and th i s  would so disturb the diffusion layer that  one would not be sur- 
prised a t  the inabili ty to obtain transition t i m e s .  
, However, vigorous gassing was  observed at all reduc- 
It would appear that  the severe background reduction 
occurring i n  morpholinium solutions would preclude the use of such salts in  
lithium cells. 
11-E-8. Electrochemical Characterization: DMF/AqC104 
A DMF solution of AgC104, 0 .106  M I  was  init ially exam- 
ined by performing chronopotentiograms at several  current densi t ies .  
chronopotentiograms were so similar to those shown i n  Figure 11, displaying 
well-defined transition t i m e s  and a second reduction peak, that  they are not 
here presented. The data are presented below. The potentials have been 
corrected for i R  drop, calculated from the measured specific res is tance of 144 
ohm-cm. 
The 
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Current Transition T ime  i T  1 / 2  Potential of Potential of Sec- 
(mA c m  ) (sec) (mA c m  sec - 2  - 2 1/2) Ag+ reduction ond reduction 
-- -- l o  
15  
20 1 2 . 2  70  
25 4 .8  55 
50 1 .08  (CRO) 52 
75 0.54 (CRO) 55 
-- -- 
-0.17 -- 
-0.26 -- 
-0.24 -1.25 
-0.33 -1 :54 
-0.35 -1 .6  
-- -1.7 
The gaps i n  the above data indicate tha t  electrolysis w a s  not 
continued long enough to give a transition t ime, or that  the data were not 
measured. 
We believe the larger iT1” of 70 mA cm-’ secl/’ reflects 
the effect of pronounced dendritic si lver growth, which disturbs the diffusion 
layer  and enhances the transition t i m e .  
encountered i n  aqueous solution chronopotentiometry. We use  the value i T  
of 53 to calculated iT1l2/C, which is 500 mA c m  set'" mM-’. We compare 
the data with that obtained i n  propylene carbonate solutions: 
Solution Equivalent Conductance i T  /C 
This is the type of phenomena often 
1/2 
1/2 
mM-l 260 mA c m  sec 
500 mA c m  sec1’2mM-1 
-1 0.03 AgC104/PC 25 ohm c m 2  M-’ 
0 .106 M AgC104/DMF 66 ohm-’ c m 2  M-’ 
II-E-9. Electrochemical Characterization: UCl/DMF, LiBF4/DMF 
Figure 1 3  shows a ser ies  of chronopotentiograms obtained 
Such chronopotentiograms we consider “ill- i n  DMF, 0 . 1 1  M i n  LiBF4. 
defined” because it is difficult to unarbitrarily determine a specific transition 
t i m e .  We take the transition t i m e  a s  the point where the l inear extrapolation 
of the chronopotentiogram begins to deviate from the ac tua l  curve. For the 
30 
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chronopotentiograms i n  Figure 1 3  we select a n  average value for iTli2 of - 
37.5 mA c m  -2  sec1l2. This gives a value for iT1l2/C of 340 mA c m  sec 1/2 
mM-'. The measured specific conductance was  174 ohm-cm, giving a n  equiv- 
a lent  conductance of 52 ohm -1 cm 2 M -1 . If the proportionality between i T  1/2/ 
4 C and equivalent conductance were the same for the AgClO and the  LiBF 
solutions,  one would calculate an iT1'2/C of (55/66) (500) = 420 mA c m  
sec ' l2mM-l .  Thus, the results indicate that the transition t i m e  is probably 
the resul t  of diffusion limited concentration polarization of the lithium ion. 
4 
Note also the extremely negative potentials observed 
during the course of cathodization. 
t ion of a resist ive f i l m  during deposition, and these conclusions tended to  be 
confirmed by subsequent results obtained in  a 0.137 M LiCl/DMF solution. 
The resul ts  are shown in  Figure 14. These chronopotentiograms were obtained 
by cathodizing a platinum electrode at 9 mA c m  for 1 0 ,  1 5 ,  2 0 ,  and 25 sec., 
followed by immediate current reversal. 
is calculated t o  be 0 . 2 2  V. Below we calculate the difference between the 
potential at the end of cathodization and the deposition potential (-3.0 V) , 
and the difference between the potential peak observed during anodization and 
the  deposition potential. 
This w a s  believed to be due to the forma- 
- 2  
The i R  drop correction at th i s  current 
Corrected Potential at 
De po sit ion Potential 
i R  drop 
end of Cathodization 
Corrected Potential at 
De po si ti on Potential 
i R  drop 
beginning of anodization 
T ime  of cathodization 
1 0  sec 15 sec 20 sec 
-3 .4  -5.2 -6 .6  
-3.0 -3.0 -3 .0 
0.4 1 . 2  3 .6  
-2.4 -1.1 +O.  3 
- 
-3.0 -3.0 -3.0 
0 . 6  1 .9  3 .3  
25 sec 
-- 
-- 
-- 
+1.8 
-3 .0  
4.8 
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At  lower currents the evident build-up of a resis t ive f i lm 
does  not occur. The bes t  results showing this were obtained i n  the LiCl/DMF 
solution when cathodization was continued a t  5 mA c m  for 25 sec. followed 
by immediate current reversal , with 75% anodic utilization. 
during cathodic deposition and subsequent anodic dissolution did not differ by 
more than 0 . 2  V from the theoretical deposition potential. 
- 2  
The potential 
Only one long term experiment was  performed. Lithium 
for 670 
The potential of deposition was  -3.0 V vs.  the Ag d i sc  
-2  was  deposited from the 0.137 M LiCl/DMF solution at 0.75 mA c m  
sec (500 mC c m  
R. E.  On subsequent current reversal 84% anodic utilization was  obtained. 
These resul ts  are  comparable with those obtained i n  propylene carbonate , and 
one cannot conclude that  either solvent is superior to  the other with respect t o  
their relative abi l i t ies  to support lithium deposition. 
- 2  
). 
It is apparent that  , though the chronopotentiograms for 
lithium reduction reflect diffusion limited concentration polarization i n  both 
propylene carbonate and dimethylformamide solutions , their shapes  are quite 
different , implying the existence of important differences i n  the deposition pro- 
cess. Yet  , even though the chronopotentiograms display important differences , 
th i s  cannot be correlated with the efficiency for lithium deposition i n  the two 
solvents ,  which is about the  same. 
I I - E - ~  0 .  Electrochemical Characterization: Conclusions 
The electrodeposition of lithium metal from non-aqueous 
lithium salt solutions , while remarkably efficient , is not a simple process.  
The chronopotentiograms do not have the shape characterist ic of a reversible 
one-electron reduction. 
Studies.  However, transition times are observed which, when compared with 
similar measurements performed on the reasonably well-behaved AgClO 
solutions,  indicate that the processes are  limited by the mobility of the lithium 
ion. 
This  wi l l  be discussed i n  a later sect ion,  Kinetic 
4 
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Background reduction, defined as the sum of all reduction 
processes  which occur at potentials positive to the theoretical lithium deposition 
potential , is a phenomenon of importance. Furthermore , background reduction 
is sensit ive to the nature of the electrode metal. While we do not know what 
processes  constitute background reduction, the fact that  transition t i m e s  are  
apparently independent of the extent of preceding background reduction suggests  
that  background reduction m u s t  , i n  some way consume lithium ions.  Two ten- 
tative hypotheses a re  advanced to explain th i s  fact. First ,  background reduc- 
t ion may cons is t  of the formation of surface al loys of lithium metal with the 
electrode substrate; th i s  would account for the positive potentials at which 
background reduction occurs ,  since the activity of lithium m e t a l  i n  the alloy 
would be less than unity. Secondly, background reduction may consis t  of the 
electro-reduction of solvent or  impurities, in  which a reaction product is an  in- 
soluble lithium salt. It is important to  re-emphasize tha t ,  i f  impurities con- 
st i tute the electro-reducible material , the extent of background reduction is far  
less than would correspond to the diffusion limited reduction of what we believe 
to  be the actual  amount of reducible impurities. 
of background reduction deactivates the electrode toward further reduction. 
This suggests  that  the product 
Potassium solutions , which would be expected to display 
The be- behavior similar t o  that  of lithium solutions , do not , i n  fact , do so. 
havior is quite different i n  all respects and testifies , we believe , to the 
uniqueness of the lithium ion .  
Finally, while it had been our original objective to  perform 
experiments which reflect  the relative abil i ty of various solvents t o  support 
high energy density electrodes , we must conclude that  th i s  cannot , at present , 
be done. No data thus far obtained can be assumed to  reflect  solvent properties , 
except the transport parameters reflected i n  the i T  
solvent is electrochemically "inert" or not , cannot be deduced from the 
1/2 values .  Whether a 
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presently available data.  
We shal l  continue to perform experiments of the type out- 
lined in  this  section. It will be our primary objective only to describe the 
phenomena a s  clearly a s  possible without undue interpretation. 
that  with the accumulation of sufficient data for a variety of electrolytes,  one 
may deduce certain patterns of behavior which will  allow a less ambiguous 
assessment  of the relative vir tues  of the various solvents .  
It is our hope, 
II-F. Effec t  of Impurities: Molecular Sieve Treatment 
One would predict water to be the m o s t  serious impurity. 
The effect of various treatments withMolecular s i eves  (Linde 4A) has  been 
studied, s ince these  materials are effective water scavengers.  
Four systems were prepared as described below: 
a .  Solution 1: 0 .1  M LiBF i n  "impure" propylene carbon- 4 
ate. Solid LiBF4, was  added to a n  amount of propylene carbonate. This pro- 
pylene carbonate had been standing in  a g l a s s  stoppered f lask for over two 
months, A s  described i n  an  earlier section on V.P.C. ana lys i s ,  a sample of 
propylene carbonate which had stood for one-month had a water content of 
0 .04% by weight. For th i s  reason we describe the sample of propylene carbon- 
ate used in  these experiments a s  "impure". 
b .  Solution 2: To Solution 1, above, was  added about 2 g.  
of molecular s ieve and the mixture stirred for 20 min. 
c. Solution 3: 0.1 M LiBF i n  "pure" propylene carbon- 4 
ate. Solid LiBF was  placed i n  a 100-ml.  cell. A stream of argon was  played 
over the cell while 60 m l .  of propylene carbonate were passed through a column 
of molecular s i eves  a t  about one drop per second. 
standard 50-ml. buret containing 30 m l .  of molecular s i eves .  The first  1 0  m l .  
4 
The column consisted of a 
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of propylene carbonate were discarded. 
c e l l ,  gave a 0 . 1  M LiBF solution. 
The remaining 50 m l . ,  passed  into the 
4 
d .  Solution 4: 0 . 1  M LiBF i n  "impure" propylene carbon- 
The entire solution was  passed through a column of molecular sieves into 
4 
ate. 
the cell under the same conditions as  described for Solution 3 .  
The solutions were examined in two ways.  Chrono- 
-2 potentiograms were run at 6.5 mA cm 
tion t o  es tab l i sh  the reproducibility, which w a s ,  indeed, excellent i n  all cases. 
The resul ts  a re  shown i n  Figure 15 .  No te  that  the runs made i n  Solutions 1 and 
3 ,  wherein the solute had not been i n  contact with molecular s ieves  are  simi- 
l a r  i n  that  both solutions give transition t i m e s  of about 8 .5  sec. However, 
the  shape of the chronopotentiograms are radically different. Evidently, the 
better the chronopotentiogram, the  less the amount of water. 
. Several runs were made i n  each  solu- 
Note in  the runs made i n  solutions wherein the solute 
had been i n  contact with molecular sieves that  the chronopotentiograms look 
quite different. They more resemble those obtained i n  the KI solutions,  
de scribed earlier , than the typical lithium chronopotentiograms . 
The solutions were examined by performing a ser ies  of 
cathodic-anodic cycling experiments at various currents. The bes t  resul ts  
were obtained at currents between 2 and 3 mA c m  
c m  
- 2  . The runs made at 2 mA 
- 2  are shown i n  Figure 15.  
Note the difference i n  anodic utilization i n  solutions 
1 and 2 .  The utilization was  about 50% i n  solution 1 , LiBF i n  "impure" pro- 
pylene carbonate,  and decreased to 30% when to the solution was added mol- 
ecular  s ieves .  Anodic utilization apparently decreased to 0% when the solu- 
t ion was  treated by passing through a column of molecular sieves. 
4 
It should be  further noted that  i n  Solution 4 a shiny, 
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black-violet deposit formed during cathodization, and this  was attended by 
significant gassing.  
The difference between Solutions 1 and 3 indicate the 
efficacy of molecular s ieves  i n  removing water from the solvent and enhancing 
the  anodic utilization. The poorer resul ts  obtained when the entire solution was  
treated with molecular s ieves  resul ts ,  we bel ieve,  from the exchange of sodium 
ions  in  the s ieve with lithium ions i n  solution. Solution 4 is doubtless a solu- 
t ion of NaBF rather than LiBF4. 4 
Other types of molecular s i eves  may be used. We anticip- 
ate the  complete exchange of sodium ions i n  the s ieve by lithium or si lver 
i o n s ,  and then treating the comple te  electrolyte with th i s  material. 
a re  most tenaciously held by the s i eve ,  and the exchange with lithium ions  
should be small. 
Silver ions  
II-G. Time Stability Tests. 
No time stability tests have yet been performed. We be- 
l ieve that  such t e s t s ,  a t  present, a re  more l ikely to  reflect the effects of 
atmospheric contamination through l eaks  in  the sys tems,  rather than inherent 
s tabi l i ty .  
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111. SCREENING PROGRAM 
III-A. Chemical Compatibility. 0, particular interest  is the extent of 
possible  chemical reaction between electrode materials and solvents.  At  
present , we suspect  that the cathode materials available through normal 
channels ,  such a s  CuF2 and CoF 
difficult. Preliminary s tudies  have begun a s  d iscussed  in  Section III-C, 
Solubility Studies. We shal l  examine these  materials more carefully by chem- 
ical ana lys i s  and X-ray diffraction before proceeding to a study of chemical 
compatibility. We expect to perform such s tudies  i n  conjunction with vapor 
phase chromatographic analysis .  
are so impure as to  make meaningful tests 3 '  
The question of chemical compatibility is particularly important 
with respect  to act ive anode materials. Unfortunately, it is difficult to obtain 
meaningful data for two reasons.  First ,  the extent of reactivity is doubtless 
cr i t ical ly  dependent on the nature of surface pre-treatment. Secondly, long 
term experiments may reflect reaction with solvent impurities rather than with 
solvent itself. It is doubtless true that  various act ive anode materials will 
react  to some degree with all useful solvents.  It is most essent ia l  that  the 
nature of the reaction be establ ished,  and we anticipate performing such ex- 
periments i n  conjunction with V.P.C. ana lys i s ,  to determine the nature of the 
reaction products , and thus elucidate the reaction. 
III-B . Electrochemical Re ver si bilit y 
III-B- 1 . Electrochemical Reversibility: Anodes 
a .  Bulk Metal Anodes. Preliminary work in  the study 
of the discharge of bulk lithium metal was attempted, using the electrode 
support structure de scribed in  Appendix 11. Lithium m e t a l  w a s  cut from ribbon , 
1/2" wide and 1/16" thick,  and pressed into the recess of the electrode 
support structure. 
48 
It was  necessary that the electrode surface next to  the platinum 
substrate be scraped c lean ,  otherwise stable open circuit potentials did not 
obtain,  
trode i n  1 M LiBF4 was  -3.1 V versus the si lver d i sc  R .E .  This is the s a m e  
value obtained when lithium is electrodeposited on platinum or other metals. 
When these  conditions were m e t  the potential of the bulk lithium elec- 
It was  also necessary that the electrode surface i n  contact with 
the solution be scraped c lean ,  otherwise, during the passage of current, 
polarization was  extensive , as will be la ter  described. 
We were particularly concerned whether there was  any evidence 
that  the anodic dissolution of bulk lithium does not proceed with electrokinetic 
irreversibility. Constant current pulses  were applied for 30 sec. i n  quiet solu- 
tion. After each  pulse the O.C.V. immediately returned to  the ini t ia l  O.C.V. 
value of -3.1 V. A f t e r  one minute of quiet s tand the next higher current pulse 
w a s  applied. The resul ts  are shown by the solid c i rc les  i n  Figure 16.  
The correction for i R  drop was  calculated,  as described i n  Appen- 
For the reversible,  anodic dissolution of lithium the measured potential d ix  11. 
should be given by: 
E = -3 .1 + (i A cm-') (265 ohm-cm) (0.39 cm)  
The specific res is tance was 265 ohm-cm, and the effective d 
i n  Appendix 11, was  0.39 c m .  This calculated potential is shown by the dashed 
l ine  i n  Figure 16. 
as  d iscussed  L '  
The dotted l ine i n  Figure 16 shows what the measured potential 
would be for the reversible, anodic dissolution of bulk lithium i f  the effective 
d were 0 .1  c m .  
0 . 1  c m  from the surface of the working electrode. 
That is , i f  the potential were measured via a Luggin capillary,  L 
The measured potential , given by the solid c i rc les  i n  Figure 16 ,  
i s ,  indeed, c loser  to the calculated value than would be expected. This 
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probably resul ts  from a cancellation of errors. 
metal i n  the r e c e s s  is comparatively thick (ca. 0.07 c m  when pressed into 
the r eces s ) ,  th i s  should lower t h e  effective dL and give a n  i R  correction less 
than that  calculated.  The measured potentials should lie to  the left of the 
dashed l ine.  
First, since the lithium 
Secondly, i n  the absence of supporting electrolyte,  a back EMF 
is set up i n  the diffusion layer a s  discussed i n  the First Quarterly Report. 
This should put the observed values to the right of the dashed l ine.  
Thirdly, the true active surface area is not known, s ince one 
cannot be sure the electrode surface is uniformly cleaned. This may affect the 
homogeneity of the current flux and give errors i n  the measured potential. 
We have also investigated the t i m e  dependent behavior during 
anodic dissolution. 
i n  quiet solution: 
The results are shown below for anodizations performed 
Current Time Po te n ti a1 
25 mA 
1 0  mA 
5 mA 
0 
0 .5  min 
1 . 0  min 
1 . 5  min 
2 .0  min 
0 
5 min 
1 0  min 
15 min 
0 
30 min 
-0.75 
-0.65 
-0 .40  
-0 .10  
+ O .  40 
-1.95 
-1.86 
-1.80 
-1.75 
-2.55 
-2.54 
It is not surprising that  a serious potential drift is observed at 
- z  
25 mA (30 mA c m  ) since this  is close to what one would expect the limiting 
current to be i n  a 1 M propylene carbonate solution. Thus, for example, the 
calculated iT112 would be 200 mA cm sec 'I2 mM-' , the value for iT112/C 
i n  propylene carbonate solutions of lithium salts , t i m e s  the concentration, 
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1 mM ~ r n - ~ ,  or 200 mA c m  sec1’2. It has  been experimentally observed 
that  , i n  propylene carbonate solutions where transition t i m e  measurements 
can  be made, the limiting current for the process i n  quiet solution is about 
one-fifth the magnitude of i T  , or ,  i n  th i s  c a s e ,  40 mA c m  . 1/2 -2 
We believe the results of th i s  se r ies  of ,  admittedly, rather crude 
measurements , rather strongly suggests the inherent electrokinetic reversibility 
of the lithium electrode. It seems likely that  apparent polarization may re- 
flect i R  drop or concentration polarization rather than electrokinetic irreversi- 
bil i ty.  
Further s tudies  on the discharge of bulk lithium metal will not be 
made until the necessary experimental refinements can  be made. We anticipate 
making such measurements i n  starved electrolyte configurations and will be 
particularly interested in  observing the effects of concentration polarization 
i n  limiting the maximum discharge rate of lithium and other active metals.  
b .  Lithium Deposition. It is our objective to be able 
to deposit coherent,  stable lithium electrodeposits with a capacity of 1 0  mA-hr 
c m  (36 , 000 mC c m  ) a t  a current of 1 0  mA c m  . To our knowledge, no 
one h a s  yet reached th i s  goal .  I t  is apparent that  a more detailed examination 
of the deposition process must be undertaken. It is desirable that  a number 
of systems receive preliminary s tudy,  and the more detailed work then be done 
only with those systems which seem m o s t  l i ke  to be successful .  
- 2  -2  -2  
In an earlier section of t h i s  report, 11-E (Electro- 
chemical Characterization) , important variations between different electrolytes 
were d iscussed .  It was  further noted that the electrochemical behavior was 
quite markedly dependent on the nature of the electrode substrate.  
In th i s  section of the report we shal l  d i scuss  in  
more detail  the effect of electrode substrate on deposition efficiency, a topic 
which was  only cursorily examined i n  Section 11-E. In effect ,  th i s  work then 
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const i tutes  a preliminary screening of electrode substrates .  
It would appear that  the m o s t  desirable type of ex- 
periment to  be performed would simply be a n  attempt to examine different sys-  
t e m s  with respect to t h e  degree to which the objectives outlined i n  the first  
paragraph above are  realized. That i s ,  simply cathodize an  electrode at 
1 0  mA cm-' for 1 hr,  and then reverse the current and see how much lithium 
can  be recovered. Long term experiments of th i s  type are  especial ly  sensi t ive 
to the morphology of the lithium deposit .  Thus, i n  some c a s e s ,  the lithium 
may deposit  i n  the form of fine black dendrites (as i n  LiAlC14/PC solutions) 
which, i n  excess electrolyte , become physically detached from the  electrode. 
In other cases (as i n  LiClO /PC solutions) , a f ine ,  adherent gray deposit 
forms. Since it is l ikely that  the morphology of the deposit  will  be sensi t ive 
to the actual operating cell environment, it would appear that  long term ex- 
periments i n  excess electrolyte do not truly reflect the relative merits of 
different solvents .  Thus we have avoided long term experiments, not only be- 
cause  such phenomena as deposit morphology may obscure more important 
bas i c  electrochemical differences between systems I but also to  conserve t i m e .  
Given a certain amount of time for examination of each  system, it i s ,  we 
bel ieve,  more instructive to perform a ser ies  of short-term experiments, rather 
than one or two long term experiments. 
4 
Three types of screening experiments are performed, 
as described below. Needless to  day,  the particular type of experiment to be 
performed is somewhat arbitrary. However, it is our experience that the ex- 
periments described below do es tab l i sh ,  quite c lear ly ,  a pattern of behavior 
and emphasize the important variations between different systems. This is I 
of course,  the objective of initial screening. 
Procedure 1: Anodic utilization vs .  current (Q constant) .  
These experiments are performed i n  stirred solution. The current at which 
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deposition is performed is different for each run, but the total  time elapsed 
is such that the total amount of deposit ion,  Q (mC c m  ) ,  is the same for 
each  run. Anodic utilization i s  determined by reversing the current and is 
plotted vs. i (mA c m  
the da t a ,  we normally do such runs for deposit ions of only about 500 mC c m  
which is only a little more than 1 % of the desired objective. 
- 2  
- 2  
),  t he  current of deposition. A s  will be observed from 
- 2  
, 
Procedure 2: Anodic Utilization vs  . Q (i constant) .  These ex- 
The current i s  the same for periments are  a l so  performed i n  stirred solution. 
each  run, but the t i m e  of deposition is varied to  give different amounts of 
deposition. Anodic utilization is determined by subsequent current reversal 
and plotted vs. Q (mC cm - 2  ). 
Procedure 3: Anodic Utilization vs.  it1/’. The significance of 
th i s  type of experiment is most open to  debate. While the experiments con- 
s t i tute  only the most preliminary type of screening there does exist a logical 
rationale for their  performance. This  will be discussed later in  connection with 
n - z  
the actual  data .  are 
applied to  the electrode i n  successive runs.  The cathodizations are done i n  
quiet solution and the  current interrupted a t  varying periods of t i m e  between 
4 and 3 6 sec. In th i s  procedure we are only interested i n  the product , it , 
the  current t i m e  the square root of the elapsed t i m e  of cathodization. Anodic 
utilization is  determined by current reversal ,  and is plotted vs .  it 
In the experiments current between 0 . 6  and 1 0  mA c m  
1/2 
1 / 2  . 
In Table 3 below, are shown the specific experiments performed. 
The experiment no. is  given for convenience in  subsequent discussion,  and 
does  not reflect  the chronology of the experiments. The number given i n  paren- 
t h e s e s  after the symbol for the metal used as the electrode, gives the maximum 
anodic utilization obtained for the system. The number given after th i s  is the 
number of experiments actually performed. 
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Table 3 
Lithium Anodic Utilization: Substrate Effects 
Solution 
1 / 2 )  
Procedure 1 Procedure 2 Procedure 3 
(Uti l .  vs. i) (Uti l .  v s .  Q) (Uti l .  vs .  it 
0 . 1  M LiBF4/PCa l-Be (93%)-8 7-Be (95%)-6 
8 - Pt (7 0 %)- 5 
0 . 1  M b Li BF ,/PC 9-Be (95%)-4 
10-Pt  (83%)-4 
0 . 1  M LiBF4/PCC 2-Be (95%)-6 
3-A1 (86%)-6 
4- Pt (8 8 %) - 6 
5-CU (45%)-10 
0 .1  M LiC104/PCb 6-Be (70%)-6 ll-Be (78%)-7 
0 . 1  M LiBF4/BL 
LiCl (sat'd)/PCb 
0 . 1  M LiAlC14/PC b 
12-Be  (94%)-13 15-Be (88%)-17 
1 6-Be (58 %)- 6 
13-Be (38%)-5 17-Be (72%)-6 
14-Pt (53%)-5 18-Pt (72%)-6 
a, b ,  and c were successive 1000-ml. fractions of PC obtained on vacuum 
disti l lat ion.  
Figure 1 7  shows the resul ts  of experiments 1 , 7 , 8 , 9 , 
and 1 0 .  
mA c m  
tially below this  value. 
anodization utilization on beryllium remains at 90-95% , whereas , on platinum 
a marked decrease is observed with increasing capacity but tha t ,  with platinum 
there is a l s o  a pronounced difference with the two samples of propylene car- 
bonate used.  
The limiting current in  th i s  0 . 1  M LiBF4 solution should be 10-20 
. - 2  Note the reduction i n  efficiency on beryllium at currents substan- 
- 2  Note, a l s o ,  that  at capaci t ies  up to 2000 mC c m  
Experiments 2 , 3 , 4 , and 5 compare four electrode mate- 
r ia ls  and the resul ts  are shown i n  Figure 18.  Note the markedly lower 
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eff ic iency on copper. Note , also , that  a n  apparent difference between bery- 
llium on one hand and aluminum and platinum on the other seems to be  i n  the 
increased efficiency at lower currents on beryllium. 
Experiments 11 , 1 2  , 13 , and 14 are shown i n  Figure 1 9 ,  
Clearly,  the resul ts  of experiments 11 , 1 2  , and 13  are not very good i n  that  
the scat ter  of data is too great to  allow a reasonable curve to be drawn. 
The results of experiments 1 6  , 1 7  , and 18 are  shown i n  
Figure 20 .  These a re  the anodic utilization vs .  it1/’ experiments and further 
comment is necessary concerning the significance of such experiments. We 
focus attention on experiments 1 7  and 18.  Of concern is the fact that  during 
lithium deposition there may be concurrent parasit ic reductions. For clari ty 
we consider a 0 .1  M lithium salt  solution i n  propylene carbonate. The value 
for i T 1 l 2  will be 20 mA c m  set"'. Now suppose there is present i n  solu- 
t ion impurity, such as  water ,  which is reduced more eas i ly  than lithium. Let  
it be further supposed that  the concentration of th i s  impurity is such that  i f  a 
chronopotentiogram could be  obtained , i T 1 l 2  would be 3 mA cm-’ sec1/’. If 
the effective diffusion coefficient were the same a s  for the lithium ion ,  th i s  
would correspond to  a concentration of 0 .01  5 M i f  the reduction involved only 
one electron. 
it ’I2 curve should look l ike.  At  values of it1/’ less than 3 mA c m  
no lithium will  be deposited,  regardless of the current density.  At  values  of 
it1/’ larger than this amount an increasing fraction of the current will be con- 
sumed by lithium reduction. The dotted l ine i n  Figure 20 shows the theoretical  
- 2  predictions i f  the i T 1 l 2  for the reducible impurity were 4 instead of 3 mA c m  
secl/’. The theoretical predications are based on theory 
analysis  is , of course , subject to many qualifications , it may offer some 
(3) P. Delahay , New Instrumental Methods i n  Electrochemistry, Interscience 
N. Y. 1954, pp. 189-191. 
- 2  
The solid l ine in Figure 20  shows what the anodic utilization vs. 
- 2  1 /2  sec , 
(3) . While such a n  
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insight into what actually does happen during cathodization. At any r a t e ,  our 
knowledge of the processes  occurring during cathodization of lithium salt solu-  
t ions will not be complete until the phenomena represented by t h c  appearance 
of  the it1’’ vs. anodic utilization are ascertained. 
c. Conclusions. 
It will be apparent,  from the preceding d iscuss ion ,  
that  the cyclabil i ty of the li thium electrode is sensi t ive to  the environment -- 
the electrolyte and the electrode substrate.  The cycling behavior i n  the starved 
electrolyte environment characteristic of operating cells may be quite different. 
It is essent ia l  that  the cycling behavior of the lithium electrode be studied 
under such conditions. We anticipate the performance of such experiments i n  
the near future , using appropriately constructed laboratory cells. These will  
approximate the conditions extant i n  a n  operating c e l l ,  i n  that  only a minimal 
amount of electrolyte will  be used. 
III-B- 2 .  Electrochemical Reversibility: Cathodes 
a .  Cyclinq of Copper and Cobalt Metals .  
These experiments are to  cons is t  i n  performing 
anodic-cathodic cycling on metallic copper and cobalt  electrodes.  
data were reported i n  the Second Quarterly Report. 
tained during the third quarter. 
Previous 
N o  new data have been ob- 
b. Discharqe of Cathode Sal ts .  
It was  our objective to  screen various electrolytes 
with respect  to their relative propensity to enhance or inhibit the discharge of 
CuF2. We intended to perform such screening experiments by observing the 
complete discharge of CuF at  various current densi t ies .  2 
It was  first necessary to develop a satisfactory 
I’ screening electrode” . It  was essent ia l  that  such a n  electrode be inherently 
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- 2  capable of discharge at moderate ra tes  (1 - 1 0  mA c m  ),  and that  the electrode 
be easily and reproducibly constructed. We anticipated the  use  of a n  electrode 
support structure of the kind described i n  Appendix 111, i n  which one could 
simply compress a m i x  of conductor and active material. Since nothing is yet 
known about the inherent electrochemical behavior of CuF we anticipated 2 '  
that  the data obtained might be subject to question unless  certain preliminary 
points were considered. We attempted to anticipate some of these  problems by 
concurrently studying the discharge of AgCl. 
what degree does a discharge curve obtained for uncharacterized active mate- 
rials ! operating i n  largely uncharacterized electrolytes ! actually reflect any 
useful electrochemical information? 
The essent ia l  question is: To 
(1) Discharqe of AqC1. Discharge of AgCl electrodes 
was  undertaken because of our doubts concerning: 
(a) The basic  validity of the measurements. T h a t  i s ,  
m a y  simple corrections for i R  drop be applied,  as  was  true for the f l a t ,  lollipop 
electrodes,  or does t h e  electrode itself contribute seriously to the total  re- 
s i s tance?  
(b) Structural problems. That i s ,  is the inherent 
structure of the electrode sufficiently sound that one may  be reasonably con- 
fident that  low efficiencies are not simply due to  structural col lapse with re- 
sultant l o s s  of e lectr ical  contact? 
(c) Conductivity problems. That is , to  what degree 
is it likely that the evident loss  i n  efficiency resul ts  from the failure of ions  to  
move sufficiently rapidly through the electrode to  neutralize the ionic charge 
produced on discharge of the active material? 
(d) Parasitic reductions. That i s ,  t o  what degree 
is it likely tha t ,  at low current densi t ies ,  apparently high efficiencies reflect 
6 2  
concurrent parasit ic reduction of impurities i n  the electrolyte and impurities 
imbedded i n  the electrode? 
Ag-C1 electrodes were prepared by evenly distributing 
over the platinum substrate i n  the recess of the electrode support a m i x  of 
si lver powder and silver chloride. The material w a s  pressed at 1500 lb.  
Initial discharges were conducted i n  aqueous solution. The resul ts  are shown 
i n  Table 4 below: 
Table 4 
Discharge of AgCl i n  Aqueous Solution 
Electrode 
Number 
Ag-1 
Ag-2 
Ag-3 
Ag-4 
Ag-5 
Ag-6 
Ag-7 
Ag-8 
Ag-9 
Ag-10 
Ag-11 
Ag-14 
(1 1 
(2) 
(3 1 
(4) 
(5) 
Weight 
Ratio 
Solution Aq : Aq C1 
H 2 0 / ~ c i  ('1 1: 3 
I1 1:l 
0: 1 
1:9 
1:50 
1:20 
11 
II 
I I  
I I  
I 1  (2) 
Theoretical 
Electrode 
Capacity - 2  
(mA-hrcm 
17 
1 7  
17 
1 7  
1 7  
17  
17 
Discharge 
Current 
(mA c m  ) Efficiency - 2  
61 99% 
61 102% 
61 98% 
61 96% 
61 98% 
61 98% 
61 42 % electrode 
lifted off 
I I  I I  17 61 99% 
1 : 20(3) 17 61 96% II 
I I  1 : 2 0 ( ~ )  17  61 97% 
1 : 20(5) 1 7  1 7  77% I 1  
I 1  1:20 17 17 1 0 2 %  
Aqueous, 1 M HC1 
About 1% by weight of graphite, instead of silver powder 
Added 4% by weight of Teflon molding powder as a binder 
Added 8% by weight of Teflon molding powder as a binder 
Pressed nickel screen into the m i x .  Evident loss of AgCl 
through reaction with the nickel screen. 
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Table 4 (continued) 
E 1 e ctrode 
Number Solution 
Ag-12 H O/Li C1 (1 1 
Ag-13 
Ag-22 
Ag-40 
Ag-42 
Ag-38 
Ag-41 
Ag-43 
Ag-37 
Ag-39 
Ag-44 II 
Ag-3 6 
Ag-35 
II 
II 
I I  
I 1  
II 
II 
I I  
I I  
I1 
II 
11 
Weight 
Ratio 
Aq:AsCl 
1:l 
1 : l O  
1 : l O  
1 : l O  
1 : l O  
1 : l O  
1 : l O  
1 : l O  
1 : l O  
1 : l O  
1 : l O  
Theoretical 
Electrode 
Capacity 
[mA-hr c m  
- 2  
1 7  
1 7  
1 7  
34 
37 
34 
1 7  
34 
1 7  
8 . 5  
8 .5  
8 .5  
8.5 
Discharge 
Current- 
(mA c m  ) Efficiency 
61 0% (gassing) 
1.1 60% 
1 7  88% 
34 75% 
34 67 % 
34 80% 
1 7  95% 
1 7  93% 
1 7  88% 
8 .5  97% 
8.5 99% 
8 . 5  97% 
4.3 97% 
(1) Dilute aqueous LiC1 solution, ca. 0.04 M .  The measured 
specific res is tance was  290-ohm c m .  
commensurate with those which obtain i n  non-aqueous electrolytes.  
Nickel screen pressed into the m i x .  
This gives a conductivity 
(2)  
~~ ~~ 
The high rate discharges i n  aqueous HC1 would s e e m  to  
attest to  the bas ic  structural integrity of the electrode. The somewhat lower 
efficiencies at high currents in the dilute LiC1 solution probably reflect con- 
centration polarization within the electrode. 
Similar Ag C1 electrodes were then discharged in  propylene 
carbonate,  1 M i n  LiBF4,  the measured conductivity of which, 290-ohm-cm 
was  identical  t o  that  of the dilute LiC1 solution. Transport properties may 
differ. The resul ts  are shown i n  Table 5 below. A s  observed i n  the Table, 
attempts to  vary the m i x  ratio and the pressure did not effect significant im- 
provement i n  efficiency. 
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Table 5 
Discharge of AgCl i n  Propylene Carbonate 
Electrode 
Number 
Ag-17 
Ag- 18 
Ag- 19 
Ag-20 
Ag-23 
Ag-21 
Ag-24 
Weight 
Ratio 
As:AsCl 
1:20 
1:20 
1:20 
1 : l O  
1 : l O  
1:l 
1:l 
Theoretical Discharge 
Capacity Current 
(mA-hr c m  1 ( m A c m  ) Efficiency Pressure 
17 1 7  3% 1500 l b  
1 7  3% 400 l b  17 
17 1 7  5% 150 lb  
17 1 7  2 %  1500 lb  
17 1 7  2% 
17 1 7  2 %  
1 7  17  2 %  
- 2  - 2  
I1 
I1 
II 
In order to get sufficiently large efficiencies to  just i fy  screening 
it was necessary to go to  lower loading and lower discharge currents. The 
resul ts  of such discharges in  various propylene carbonate solutions are  shown 
i n  Table 6 ,  below: 
Table 6 
Discharge of AgCl i n  Propylene Carbonate 
(Electrode Capacity = 8 . 5  mA-hr ern-') 
Electrode Weight Discharge 
Number Solution Ratio Current- Efficiency Comments 
Aq :As C1: L i  C10 mA Cm 
Ag- 25 LiBF4 1:20 8 . 5  10% 
I1 Ag- 2 6 1:20 1 . 4  80% 
11 Ag- 3 7 1 : l O  
Ag- 45 I1 1 : l O : l  
Ag-48 LiA1C14 1 : l O : l  
Ag-27 LiBF4 1 : l O  
Ag-59 MoPF6 1 : l O  
Ag-50-51 KPF6 1 : l O  
I 1  Ag-46 1 : l O : l  
Ag-49 LiAl C1 1 : l O : l  
8 .5  
8 . 5  
8 .5  
4 . 2  
4 . 2  
4 . 2  
4 . 2  
4 . 2  
1 0 %  
2 0 %  
13% 
27% 
35% 
24% 
1 0 %  
none 
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Table 6 (Cont'd) 
Weight Discharge 
Ratio Current 
Aq:AqC1:LiC104 mA Cm - 2  
Electrode 
Number Sol uti on 
Ag-32 LiBF 
Ag- 60 MoPB6 
Ag-29 LiBF4 
Ag-28 LiBF4 
Ag-35 LiBF4 
Ag-50 LiAl C1 
Ag-61 MoPF6 
Ag-34 LiBF4 
Ag- 52 KPF6 
Ag-47 I I  
1 : l O  
1 : l O  
2 . 1  
2 . 1  
1 : l O  1 . 4  
1 : l O  1 . 0  
1 : l O  0.53 
1 : l O : l  0.53 
1 : l O : l  0.53 
1 : l O  0.53 
1 : l O  0.18 
1 : l O  0 .1  
Efficiency Comments 
25% 
45% 
44% 
48% 
64% 
87% 
ca. 52% ill-defined 
93% 
91% 
38% 
Table 7 
Discharge of AgC1 i n  BL, DMF, and AN 
Weight Theoretical Discharge 
- 2  - 2  Electrode Ratio Capacity Current 
N urn be r S 01 uti o n A s  :As C1 (mA-hr c m  ) (mA c m  ) Efficiency 
Ag- 67 
Ag- 66 
Ag- 65 
Ag-58 
Ag-57 
Ag-55 
Ag- 56 
Ag-69 
Ag-70 
Ag- 68 
Ag- 7 1 
Ag- 62 
Ag- 64 
Ag-63 
D M F / L ~ B ~ )  1: 1 o 
B L/Li BF4 1 : l O  
B L/LiBF4 1 : l O  
I 1  1 : l O  
1 : l O  
BL/LiBF,(') 1 :10 
II 
I 1  1 : l O  
I I  1 : l O  
1 : l O  II 
B L/M o P F ~  (2 )  1 : l O  
I 1  1 : l O  
1 : l O  I1 
8 .5  
8 .5  
8 . 5  
8 . 5  
8 . 5  
8 .5  
8 . 5  
8 . 5  
8 . 5  
8 . 5  
8 . 5  
8 . 5  
8 . 5  
8 . 5  
17 
8 .5  
4.3 
17  
8 . 5  
4.3 
0.53 
8 .5  
6.0 
4.3 
2 . 1  
4 .3  
2 . 1  
0.53 
58 % 
58 % 
56% 
60% 
63 % 
60% 
95% 
23% 
37% 
56% 
36% 
18% 
52% 
87 % 
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Table 7 (Cont'd) 
W c'iq lit 'I'hcxxctical Discharge 
Electrode IZdtio Capacity Current 
Number Solution Ay:AqCl (mA-hr cm-2) (mA cm-2)  Efficiency 
Ag- 77 AN/M0PF6 (2)  1 : l O  8 .5  8 . 5  8 %  
Ag-75 1 : l O  8 . 5  8 .5  11% 
Ag-76 1 : l O  8 . 5  4 .3  63 % 
Ag-78 1 : l O  8 . 5  6.0 1 2 %  
Ag-53 BL/KPF6 (l) 1 : l O  8 . 5  4 . 3  negligible 
Ag-54 1 : l O  8 . 5  0.2 1 4 %  
Ag- 7 2 AN/KPF6 (l) 1 : l O  8 . 5  0.53 8% 
(1) Enough sa l t  was  added to make the solutions 1 M i f  totally soluble. 
(2)  Enough salt was  added to make the solutions 0.25 M i f  totally soluble. 
II 
I 1  
II 
II 
The resul ts  show a considerably more marked dependence on elec- 
trolyte than we had anticipated. We know of no simple explanation which will  
summarize the data i n  Tables 6 and 7, We believe a variety of specific inter- 
act ions are indicated.  One of the simplest  considerations is the volume of 
products formed. 
when X = C1-, is almost 20% greater than the volume of AgCl. However, i f  
X = NO3 , the  calculated volume of products is only a fraction of a percent 
larger than the volume of AgN03. 
la r  fashion and discharged i n  butyrolactone, 1 M i n  LiBF4,  with the resul ts  
shown i n  Table 8 below: 
Table 8 
Discharge of AgN03 i n  Butyrolactone 
In the reaction AgX + L? = Ag + LiX the volume of products, 
- 
Electrodes of AgNO were prepared i n  s imi-  3 
Weight The or e tical Discharge 
E 1 ec trode Ratio Capacity - 2  Current 
Number 
Ag-81 1 : 2 0  8 . 5  8 . 5  90% 
- 2  
A A NO (mA-hr c m  ) (mA c m  Efficiency -
Ag- 80 1 : 2 0  1 7  4.3 89% 
Ag-79 1:20 1 7  1 .0  8 6% 
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Discharge of AgC1: Conclusions. We are satisfied that the relative- 
l y  s imple  method of electrode construction employed is a t  least adequate for a 
preliminary screening of electrolytes. The differences in  performance noted are 
summarized below, where we consider the efficiency at only two current den- 
sities , 8.5 and 4.3 mA c m  
capacity: 
- 2  - 2  for the 1 : l O  mixes with 8 .5  mA-hr c m  theoretical 
P .C.  
Efficiency at: 8.5/ 4.3 
- 2  Solute (mAcm ) 
LiBF4 10%/27% 
Li C10 -- 
KPF O % / O %  
MoPF6 --/ lo% 
Solvent 
B.L. DMF AN 
8.5/4.3 8.5/4.3 8.5/4.3 
( m A c m  ) 
- 2  
( m ~  cm-2)  ( m A c m  - 2  
63%/60% 5 8 %/ 5 6 % -- 
O%/O% -- -- /3% 
-- -- 23%/56% 
--/18% -- 1 1 %/63 % 
We believe the marked differences with different electrolytes indic- 
ates specific interactions rather than variations i n  the electrode fabrication. 
For example,  the low efficiencies in  KPF 
passivating KC1 f i l m s  during discharge, and this  phenomena may not occur as 
seriously with the lithium salt solutions. 
solution may reflect the formation of 6 
(2) Discharge of CuF2. The same procedure w a s  followed with CuF2 
as had proved successful  with AgC1. Initial attempts were made to discharge a 
m i x  of CuF 
at 1500 lb ,  i n  an  aqueous solution, 1 M in  LiC104. The solution was  saturated 
with CuF and the measured concentration of copper (11) in  solution was  about 
0.01 M , which would correspond to a limiting current , i n  quiet solution, of about 
and copper powder, pressed into the r eces s  of the electrode support 
2 
2 
- 2  1-2 mA c m  
of conducting material w a s  required. This, of course , is completely unsatis- 
factory for an  operating battery electrode, but it is allowable for a screening 
electrode. 
Figure 21 .  
. Various m i x  ratios were used,  and it was  found that  a large excess 
Most discharge curves had an  appearance similar to that shown in 
The init ial  potential jump, we presume, represents the establishment 
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of uniform electrical contact throughout the electrode. The resu l t s  are 
shown i n  Table 9 , below. The potential along the  level plateau is given 
when the discharge curve was sufficiently well-defined to give a n  unambiguous 
value.  
Table 9 
Discharge of CuF2 i n  Aqueous LiClO 4 
Electrode Mix Ratio Capacity Discharge 
Number Cu: CuF2 (mA-hr c m  1 Current- Efficiency Potential 
( m A c m  ) 
- 2  
cu -1  0 :1 
c u -  2 1:l 
c u -  3 3:l 
cu -4  9:l 
cu -5  9:l 
Cu- 6 (Fig 21) 9 : 1 
cu-12 9:l 
CU-14 9:l 
CU-1 5 9: l  
Cu-16 9:l 
cu-20 9:l 
cu-19 9:l 
CU-1 7 9:l 
c u -  2 0 (1) 9:l 
cu-11  14:l 
CU-1 3 6: 1 
CU-8 19:l 
cu-9 19:l 
cu-10 19:l 
1 7  
1 7  
8 .5  
8 .5  
8.5 
8 . 5  
8 . 5  
8 . 5  
8 . 5  
8 . 5  
17  
17  
8 .5  
8.5 
8 .5  
8 . 5  
8 .5  
8 . 5  
8 . 5  
8 . 5  
13% 
9% 
30% 
52% -0.17 V 
5 6% -0.14 v 
50% -0.12 v 
61 % -0 .09 v 
61 % -0 .1 v 
47% -0 .06  
43% - 0 . 0 6  
8 . 5  4.3 40% -0.01 
8 . 5  2 . 1  24% +o. 01 
8 . 5  0.53 no potential break observed 
8 .5  8 . 5  44% -0.09 
8 . 5  8 . 5  37% -0.06 
8 . 5  4 .3  3 3 %(1) 0 . 0 0  
4 .3  4 .3  31% -0.03 
4.3 4.3 32% -0.02 
6.4 6 . 4  48% -0.06 
cu-7  1:0 (no CuF2) 0 8 . 5  0 -0.75 
(1) i n  LiC10 solution without CuF2 saturation 4 
The resul ts  were sufficiently consis tent  to justify use  of the 9:l 
m i x  for preliminary screening of non-aqueous electrolytes. The resul ts  shown 
i n  Table 1 0 ,  below, were obtained i n  propylene carbonate,  1 M i n  LiBF4. 
Table 10 
Discharge of CuF2 in  Propylene Carbonate (1 M LiBF4) 
Mix Theoretical Discharge Potential of 
Electrode Ratio Capacity - 2  Current Discharge 
Number Cu:CuFz:LiC104 [mA-hr c m  ) ( mA c m  ) Efficiency Plateau - 2  
c u -  2 1 9:l:O 8 .5  4.3 13% 
Cu-22(Fig 22)  9: l  8 . 5  4 .3  13% 
CU-23 9:l 4 .3  4 .3  23% 
CU-24 9: 1 8 . 5  0.53 no break observed 
Cu-25(Fig 22)  9 : l  12.7 4 .3  11% -0.5 v 
CU-26 9:l 6 .3  4 .3  19% -0.5 v 
CU- 27 9:1:3 
Cu-28(Fig 23) 9 : l : l  
CU-40 9:l : l  
CU- 41 9:l:l 
cu-29 9:l : l  
cu-34 9 : l : l  
cu-33  9: l : l  
CU-32 9: l : l  
CU-31 9:l : l  
8 . 5  
8 . 5  
8 . 5  
8 . 5  
4 .3  
4.3 
4 . 3  
4 .3  
4 .3  
4.3 
4.3 
4 .3  
4 .3  
4 .3  
4 .3  
4 .3  
8 . 5  
0 .35  
6% m o s t  of m i x  fell off 
50% -0.33 v 
51% 
2 1  % (1 drop of water 
added to mix)  
53% -0.42 V 
51 % -0.45 v 
32% (leached in  P. C . )  
47% 
1 7 %  
~~ 
Electrodes incorporating silver powder instead of copper , as the 
conducting additive , were discharged with the  results shown i n  Table 11 below. 
These discharges were performed i n  propylene carbonate, 1 M i n  LiBF4. 
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Table 1 1  
Discharge of CuF (Ag Additive) i n  Propylene Carbonate 2 
Mix Theoretical Discharge Potential of 
Electrode Ratio Capacity Current Discharge 
Number Ag:CuF2:LiC104 (mA-hr c m  ) ( mAcm ) Efficiency Plateau 
CU-42 1:2:2 8 .5  4 . 3  2 2 %  
cu-43 2:7:1 1 7  4 .3  13% (Cu screen pressed 
-2  -2  
cu-44 2:7:1 
cu-45 1:8:1 
CU-46 1:8:1 
c u -  47 3:6:1 
CU-48 2:7:1 
cu-49 2:7:1 
CU-50 2:7:1 
CU- 5 1 2:7:1 
cu-54 6:3:1 
CU-52 6:3:1 
CU-56 6:3:1 
c u -  5 3 6:3:1 
cu-55 6:3:1 
cu-57 6:3:1 
CU- 63 6:3:1* 
Cu- 6 6 (Fig 6: 3 : 1 * 
CU-64 6:3:1* 
CU-67 6:3:1* 
Cu-65(Fig 6:3:1* 
24) 
CU-68 8:1:1* 
CU-69 8:1:1* 
2 5) 
1 7  
1 7  
17  
17 
17 
17 
1 7  
34 
4.3 
4 . 3  
4.3 
4.3 
8 . 5  
4.3 
1 . 0  
8 . 5  
into mix) 
2 3  % 
7 %  
4% 
2 1  % -0.45 - -0.55 
10% -0.85 
22% -0.5 
17% 
11% 
8.5 8 . 5  2 2 %  -0.8 
a .  5 4.3 29% -0.5 
8 . 5  4 .3  26% -0.45 
8 . 5  2 . 1  31% -0.35 
8 .5  2 . 1  26% -0.35 
8 .5  1 . 0  24% 
8 . 5  4 .3  29 % -0.45 
8 . 5  4.3 31% -0.4 
8 . 5  1 . 0  37% -0 .1  - - 0 . 2  v 
8 . 5  1 . 0  39% -0 .2  v 
8 . 5  0.53 29% -0.1 v 
4 .3  4.3 47 % 
4.3  0 .53  2 8 %  
* Pressed platinum screen into m i x  
The same type of electrode was used  for a n  examination of other 
electrolytes as shown i n  Table 1 2  , below. 
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Table 1 2  
Discharge of CuF2 i n  Other Electrolytes 
Theoretical Discharge 
Electrode Mix Ratio Capacity Current 
Number Solution As:CuF2:LiC10 (mA cm-2) (mA cm-2)  Efficiency 4 
CU-61 Pc/KPF6 2:7:1 1 7  0.53 5% 
CU-62 P c / m F 6  2:7:1 1 7  1 .0  4% 
CU-72 B L J L ~ B F ~  6: 3: 1 8 . 5  1 7  2 2 %  
I I  CU-7 1 6:3:1 8 .5  8 . 5  23% 
Cu-7 0 (Fig I '  6:3:1 8 . 5  4.3 26% 
cu-73 I I  (1 1 8.5  4.3 24% 
cu-7 5 (2)  1 7  4 .3  49% 
CU-7 6 (2) 1 7  1 .0  39% 
Cu-74(Fig I '  (2) 8 . 5  4.3 45% 
25) 
I 1  
I I  
25) 
(1) Graphite instead of silver i n  mix .  Ratio = 0.5:3:1 
(2)  Acetylene black instead of silver i n  m i x .  Ratio =.5:3:1 
cu- 7 7 P C / M ~ P F  6:3: 1 8 . 5  2 . 1  32% 
CU-78 6:3:1 8 . 5  4 .3  24% I t  
CU-79 A N / L ~ C ~ O ~  6:3: 1 8 . 5  1 7  45% 
I1 CU-78 6:3: 1 8 . 5  8 .5  46% 
cu-77 6:3: 1 8 .5  4.3 45% 
CU-81 I 1  6:3:1 8 .5  2 . 1  49 % 
I1 
CU-82 A N / K P F ~  6:3: 1 8 .5  4.3 negligible 
I1 0.5  negligible CU-83 6:3: 1 8 .5  
CU-85 6:3:1 8 . 5  8 .5  8% 
cu-84 A N / M O P F ~  6:3: 1 8 . 5  4 .3  11% 
I1 
Discharge of CuF2: Conclusions. A s  with the AgCl, differences 
i n  efficiency obtained i n  the different electrolytes. This is summarized below; 
for the 8 .5  mA-hr c m  , 6:3:1 electrodes.  - 2  
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Efficiency at: 
Solute 
LiBF4 
LiC104 
KpF6 
MoPF6 
Solvent 
P.C.  B.L.  DMF AN 
8.5 / 4.3 8 . 5  / 4.3 8.5 / 4.3 8 . 5  / 4.3 
-2 -2  - 2  - 2  ( m A c m  ) (mAcm ) ( m A c m  ) ImA c m  ) 
2 2 % /  29% 2 3 % /  26% -- -- 
-- -- -- 4 6 % /  45% 
negligible -- -- negligible 
-- / 24% -- -- 8 % /  11% 
An important difference between the discharge of CuF2 and AgCl is 
independent of that  the efficiencies for discharge of CuF2, in  general ,  seem 
the current. This is surprising and suggests  inherent structural limitations. 
It is reassuring that  CuF may be discharged with quite reasonable efficiency 
at such high current densi t ies ,  This sugges ts ,  we believe,  tha t  there are no 
inherent problems i n  discharging a cathode salt i n  these relatively poorly con- 
ducting non-aqueous media,  due to  the inability of ions to leave or enter the 
porous electrode at a sufficiently rapid rate.  
2 
Much more work remains to be done with the CuF2 electrode, The 
nature of the discharge products must be ascer ta ined,  
during discharge must be examined more cri t ically for evidence of activation 
and concentration polarization. Finally, the discharge must be examined i n  
starved electrolyte. 
The potential observed 
The question of cyclability remains unanswered. However , knowing 
that  LiF is relatively insoluble,  one expects th i s  salt to precipitate during dis- 
charge within the pores of the electrode by the reaction: 
On subsequent charge one may consider the simplest reaction to  be simply 
the formation of Cu++. 2 Now, i f  CuF is more insoluble than LiF, the lithium 
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should be displaced from the insoluble fluoride, leaving CuF as  the final 
product of charge. Efficient cycling , based on this process , will , of 
course involve a rather subtle balance of many factors.  However , it must 
2 
be considered to  be a reasonable phenomena and one which, indeed, must be 
induced. Far too little is yet  known about the nature of the processes  and the 
properties of the materials to indicate what should be done to induce the phen- 
omenon. We consider it a major objective i n  our work to find out to what 
degree th i s  phenomenon may be used to  develop cyclable cathodes.  
III-C, Solubility Studies 
Four solvents , butyrolactone , propylene carbonate , dimethyl- 
formamide , and acetonitrile ! have been used to prepare mixtures of solvent 
and one of the following salts: AgCl, CuF CoF3, MgC12, MgC12, MgF2, 2 ’  
LiCl, and KC1, An amount of salt was  added to make the solution 0 . 1  M i n  
the salt i f  totally soluble. 
To date only the LiCl, KC1, MgC12, and MgF solutions have been 2 
examined. The specific conductance was  measured. The LiCl and MgC12 
solutions were further examined for the concentration of total  chloride. This 
was  done by conductimetric titration with a dilute AgClO solution. The con- 
centrations of salt shown below are based on the measured concentration of 
chloride. The concentration of the KC1 solutions was  determined by diluting 
5 m l .  of the non-aqueous solution to 1 0 0  m l .  with water. The conductance of 
th i s  solution was  used to calculate the concentration of KC1 , using the liter- 
ature value for the equivalent conductance of KC1 i n  aqueous solution. It was  
assumed that  the effect  of the non-aqueous solvent i n  the diluted solution did 
not significantly affect the measured conductance. The resul ts  are shown 
below: 
4 
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Table 1 3  
Solubility Studies 
System 
LiCl/PC 
Li Cl/B L 
LiCl/DMF 
~i C~/AN 
K C ~ / B L  
K C ~ / D M F  
K C ~ / A N  
KCl/PC 
MgCL2/PC 
M gC1 /BL 
Mg C1 2/DMF 
MgC12/AN 
MgF2/PC 
MgF2/BL 
M 9-F 2/AN 
M gF 2/DM F 
Conductance 
(0hm-l  cm-’) 
2.17  
-- 
4.3  I O - ~  
1 . 4  
1 . 5  
2 . 1  
9 . 1  
7 . 2  
9.5 x 
4 .3  x 10- 
5 .9  
2 . 4  
2 . 2  
8 .3  
3 .2  x 
Concentration 
(M 1-1) 
0.055 
soluble 
soluble 
0 .027  
0.00058 
0.00063 
0.0018 
0.000124 
0.088 
0.091 
0.0925 
0.0118 
-- 
III-D . Electrolyte Conductivity. When electrochemical measurements 
are performed, the specif ic  conductance is routinely measured so appropriate 
corrections for i R  drop can  be made. This da ta ,  col lected s ince the  beginning 
of work under the current contract ,  has  been examined for propylene carbonate 
solutions and is shown in  Table 1 4 ,  below. 
We show only the equivalent conductance s ince th i s  is the 
transport parameter of m a j  or importance. 
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Table 14 
Equivalent Conductance i n  Propylene Carbonate 
-1 2 Equivalent Conductance (ohm c m  equiv.  
Solute at concentration indicated: 
- -  1 . O M  0 . 2 M  0 . 1 5 M  0 . 1 0 M  0 . 0 5 M  0.02 M 
LiC104 5 .5  15 .4  16.4 17 .5  20.7 23 
1 6 . 2  19  19 .5  -- -- LiBF4 3.8 
It is of some interest  to compare these  values  with the calculated 
limiting equivalent conductance 
( 
which, a t  25' C is; for LiC104. 
.A (P.C.) = (0.8937/1.75). (104) = 52ohm c m  equiv . 
using Walden' s rule whereby .&P. C. )= 
(H2d /  7 (P.C. 1) (Ao (H20) ) 
-1 2 -1 
0 
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III-E Kinetic Studies,  There is ,  as  yet,  very little that can be said 
about the electrokinetics of the electrode processes .  
as  CuFz , the electrodes are  not sufficiently well-characterized to  allow sepa- 
ration of the various polarization terms. 
For the cathodes , such 
The lithium anode also presents problems. A s  discussed i n  an 
earlier section of th i s  report, standard steady state current-potential measure- 
ments do not give a valid representation of electrokinetic parameters. The 
shape of a chronopotentiogram h a s  some significance i n  reflecting electro- 
kinetic parameters. We consider two c a s e s ,  Case  I: The reversible,  one- 
electron reduction of lithium ions to  the m e t a l ,  and Case  11: The totally ir- 
reversible one-electron reduction of lithium ions .  
For each case we consider the observed potential, E ,  a s  a 
function of the concentration of lithium ions at the electrode surface , C ,  and 
the bulk concentration , Co . 
where i is  the exchange current densi ty ,  and o( , the 
transfer coefficient 7 we write: 
0 
I n  (i/i ) E = E  + RT I n  (c/cO) -  RT 
H F  0 ocv - 4 F  
In the absence of supporting electrolyte,  the observed potential will be more 
negative by an  additional amount,- I n  (C/Co), which, as  discussed i n  
the First Quarterly Report, may be conveniently considered to be the i R  drop 
generated across  the diffusion layer , through the decreasing ionic concentration 
and resultant decreased conductance. 
RT 
F 
The important term, C/Co, i s ,  for chronopotentiometric measure- 
ments ,  given by: 
8 2  
1 /2  1 / 2  C/Co = 1 - t /T 
where t is the elapsed time and T is the transit ion t i m e .  
It is apparent that  a plot of the measured potential, E ,  v s .  the 
logarithm of the term, 1 - t '/'/T1/' will provide useful information. We con- 
sider the slope of log (1 - t /T ) vs. E ,  and the extrapolation to t = 0 ,  
for the two cases; and we include the correction for i R  drop across  the diffus- 
ion layer  discussed above: 
1/2 1/2 
1 0  
ocv Extrapolation to t = 0: E = E 
2.303) (RT) - 2.303) (RT) + ( - 
F dF Case  11: Slope = ( 
0.059 (1 + l/a) (6) 
- 0 * 0 5 9  l o g ( y  ocv Extrapolation to t = 0: E = E 
(7) 
Naturally, such measurements are  , i n  fact, invalid for reactions taking 
place on solid electrodes,  since the character of the electrode surface 
changes so markedly during the course of the chronopotentiometric run. It 
i s ,  however, of interest  to note tha t ,  for the lithium deposition, we con- 
s is tent ly  observe that  the extrapolation normally resul ts  i n  E = 
(at t = 0) ,  which suggests  that the exchange current must be quite large. 
However, the s lopes are  always much larger than 0.118 V, as would be pre- 
dicted for a reversible , one-electron reduction. Values for the slope of 0 . 4  
t o  1 V are  obtained, which, according to Equation 6 ,  would correspond to 
transfer coefficients of from 0 .17  down to  0 .06 .  These clearly are unreason- 
ably s m a l l .  
EOCV 
In fact, we believe that  the apparent large s lopes a r i se  from the 
growth of res is t ive f i l m s  at the electrode which increase the i R  term during the 
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course of the chronopotentiometric run. It would be of interest  to perform 
chronopotentiometric measurements using mercury pool electrodes , where 
surface effects might  be expected to be less marked. 
In conclusion, while we believe detai led kinetic s tudies  of the 
lithium deposition a re  of interest  , one must not anticipate e a s y  interpretation 
of experimental resu l t s .  At  present we believe more useful informati0.n would 
be obtained by X-ray or electron microscopic examination of the electrode 
during cathodization and by consideration of the electr ical  double layer and 
the effects on electrode processes in  a solvent such as propylene carbonate,  
where excess electrolyte is not present.  In our work we shal l  continue to be 
interested in  the more practical aspects of the lithium electrode, and in  par- 
t icular ,  with the cyclabil i ty . 
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I V .  SUMMARY AND CONCLUSIONS. FUTURE WORK 
Reduction behavior is most complex and electrochemical measurements 
may likely reflect  surface effects and impurities rather than the inherent 
potentiali t ies of the system. 
currently with vapor phase chromatographic analysis  of the total  electrolyte,  
Th i s  will be investigated in  more detail  con- 
The study of cathode materials is even more complex. There are  marked 
differences observed in  the cathodic discharge of AgCl and CuF i n  different 
electrolytes.  In the absence of sufficient structural definition for porous 
electrodes it is presently impossible to give a meaningful explanation for 
these  differences. 
to determine ju s t  what interactions are involved that  prevent efficient dis-  
charge a t  satisfactorily high current densi t ies .  We believe that  a primary 
electrode which discharges with electrokinetic reversibility will inherently 
be cyclable , and are , at present , less concerned with the possibil i ty o r ,  in- 
deed ,  even the necess i ty  for the cathode anion to be soluble.  
2 
Further discharge s tudies  will be performed i n  an  attempt 
The effect of impurities has  , to  date , been given little attention by any 
of the several  groups working in  the field of high energy densi ty  non-aqueous 
cells. We have begun to  concentrate more on th i s  area s ince we believe that  
impurities often are solely responsible for both bad and good resul ts  obtained 
i n  different s tudies .  We have characterized the essent ia l  electrochemical 
behavior of the system sufficiently well so that  the development of meaningful 
correlations between impurities and the observed electrochemical behavior can  
be expected. 
Finally, more serious consideration must be given t o  ultimate cell con- 
struction parameters i n  order to have some guideline by which the resul ts  of 
screening experiments may be evaluated. 
e s s a r y  by-product of bas ic  theoretical work. We are  interested in  the effects 
observed in  ' I  starved" electrolytes , and do not believe that  resul ts  obtained 
Cell  construction is a l so  a nec- 
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on  single e lectrodes,  operating in a large e x c e s s  of electrolyte, can  nec- 
essar i ly  be used to  predict with any accuracy the resul ts  expected i n  starved 
electrolytes.  
towards an  understanding of the bas ic  problems. 
Our future work in  cell development will continue to be oriented 
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APPENDIX I: Hypothetical Cell  Model 
. 
In order to provide some focus for screening studies and to  insure that  
the experiments will be performed under relevant conditions, it is desirable 
to consider possible cells. In t h i s  d iscussion we consider the following cell: 
CuF2/Electrolyte/Li , 
which is assumed to discharge by the reaction: 
C U F ~  + 2 Li = c u 0  + 2 F- + 2 Li . + 
2 We consider a miniature cell employing two 1 c m  electrodes facing each other 
ac ross  the electrolyte.  Alkaline secondary cell electrodes have capaci t ies  
of 1 0  to 1 0 0  mA-hr c m  . It is then reasonable to assume that  one may con- 
struct a CuF electrode with 1 0  mA-hr c m  capacity.  If the lithium electrode 
h a s  a n  equal  capaci ty  we may calculate the total weight of active material: 
- 2  
- 2  
2 
-2 
= 0.0208 g c m  3600 sec hr-') (116 q M-l)  0.01 A-hr c m  ) ( 
- 2  
( 2  x 105 c M-1) Weight = ( 
The term, 116 g M - l ,  is the weight of one mole  of CuF2 and the requisite two 
moles of lithium. The term 2 x ~ O - ~  CM-' , is twice the Faraday, since two 
electrons p a s s  per mole of CuF2. 
2 L e t  it be assumed that  these two 1 cm electrodes are separated by a n  
amount of electrolyte equal weight , 0.0208 g ,  and that  th i s  electrolyte has  
a density of 2 g c m  , The thickness of the electrolyte separating the two 
electrodes is then: 
-3 
= 0.0104 c m  (4 m i l s )  (0.0208 q) 
(2 g crn-j) (1 c m 2 )  Distance = 
This is very thin,  but not unreasonable. 
Finally , we calculate the re si s tance through th is  f i lm  of electrolyte , 
2 
assuming a specific resistance of 1 0  ohm-cm. 
87 
2 10 ohm-cm) (0 .0104 cm)  = 1. o 4  (1 c m 2 )  Resistance = ( 
- 2  At the one hour rate , 10 mA c m  
of a 3 V cell through a 300 ohm load, the i R  drop i n  the cell is only about 
0 .01  v. 
, which would be realized for the discharge 
It is of further interest  t o  consider the number of ions in  the electrolyte.  
3 We assume a 5 M ,  1:l , univalent electrolyte.  The volume, 0.0104 c m  , 
t i m e s  the concentration, 5 x 1 0  M c m  
ion. 
of ions formed at each  electrode may be calculated: 
- 3  - 3  -5 , gives 5.2 x 1 0  moles of each  
When the cell discharges by the above reaction the number of m o l e s  
Moles of ions 
released at 
each  electrode 
- (0.01 A-hr) (3600 sec hr-') = 3 6  -5 moles. (1 x 10-5 c M-1) 
Since ions produced at each  electrode must be neutralized as they are formed, 
and s ince the number of ions initially present i n  the electrolyte is not suffic- 
ient  to provide complete neutralization of all the ions produced on discharge , 
it is apparent tha t  there must be effective ionic transport from one electrode 
to  the other. Clearly,  increasing the volume of electrolyte to  the point where 
enough ions a re  init ially present to  neutralize the ions formed at each  e l c -  
trode, will result  in  too high a weight of electrolyte and resultant decrease 
i n  energy densi ty ,  The necessity for ionic transport between the two elec- 
trodes to occur i s ,  apparently, not usually a problem in  aqueous cells. 
It is , we believe , m o s t  desirable that  the limitations of such a model 
be explored. 
a n  index to  the s ta te  of t h e  art of non-aqueous cell construction. 
The degree to which such limitations are  understood is , i n  f ac t ,  
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APPENDIX 11: EMF Measurements i n  Propylene Carbonate 
We consider the cell: 
Li/ 0 .09  M LiI i n  P. C. / AgI 
The potential of th i s  cell is related to the free energy for the reaction: 
L i (c )  + AgI(c) = Ag(c) + LiI (P.C. , 0.09  M) 
by: 
1 = GoLiI(p. c. RT In aLiI(P. C. , 0.09 M)-GoAgI(c) (2) 
is the free energy of formation of a solution of LiI i n  pro- where GOLiI(P. c. ) 
is the activity of the LiI(P. C. , 0 .09  M) pylene carbonate at unit activity,  a 
0 .09  M solution, and Go 
silver iodide. 
is the free energy of formation of crystall ine 
A d  (c ) 
We next consider the potential of the cell: 
Li/ 0 .09  M LiI i n  H 2 0  / AgI 
which is given by: 
+ RT In aLiI(H20, 0 .09  M) -GO AgI(c) (3) LiI (H 20) -nFE = Go 2 
We subtract equation 3 from equation 2; and express the activity,  a ,  a s  the 
product of a n  activity coefficient, y ,  and the concentration, C ,  in  moles per 
liter: 
nF(E2 - E 1 ) = Go + RT ln(Yp. C /'H20) (4) 
We express  the free energy i n  terms of enthalpy and entropy, obtaining: 
0 
nF(E2 - E l )  = H  LiI(P. c. ) - HoI.,iI(H20) 
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The measured potential, E 
la ted value of E i n  0 .09  M LiI  in  water is 4-3.03 V. 
is 13 .3  kcal M 
tion of the last two terms i n  the right hand s ide of equation 5 is sufficiently 
less than the  differences i n  enthalpies of formation, that  one may approximate: 
i n  0 .09  M LiI  i n  P.  C .  was  +2.45 V. The calcu- 
1' 
Thus the left hand term 
-1 . It i s ,  we believe , reasonable to assume that  the contribu- 
= Ho + 13.3 kcal  M- l .  (6) HoLiI(P. c. ) LiI (H20)  
The same expression will obtain for the differences i n  the hea ts  of solution: 
+ 13 .3  kcal M-l  (7 1 - A HLiI (P . c . * HLiI (H 0) 
-1 
= -18.57 + 1 3 . 3  = -5.6 k c a l M  . 
APPENDIX 111: Cathode Support Structure 
The electrode support structure used i n  our work is shown i n  Figure 26. 
This is a s ide view of the structure. The s ta in less  steel rod, to which h a s  
been attached a piece of platinum foil ,  as well  as  the si lver d i sc  reference 
electrode are sealed i n  epoxy. 
by sealing a d i sc  of zinc on top of the platinum. When the matrix has  
hardened the zinc is dissolved i n  dilute hydrochloric ac id ,  forming the cavity,  
into which is pressed the electrode m i x .  
The depth of the recessed cavity is controlled 
The electrodes were "calibrated" , following the procedure outlined i n  the 
First Quarterly Report. A 0 . 0 1  M aqueous silver nitrate solution with a 
specific res is tance of 769 ohm-cm was  used for the measurements. The com- 
pleted electrode structure was  placed i n  the solution and the platinum sub- 
s t ra te  cathodized at various currents (1 - 5 mA). 
oscillographically. Plots of current versus  potential were l inear,  and the 
effective resis tance determined from the slope of potential versus current. 
For example, i n  a typical calibration a plot of potential versus current gave 
a n  effective resis tance of 331 ohm. 
to the specific res is tance of the solution by: 
The potential was  recorded 
Since the effective resis tance is related 
(ohm-cm) . dL (cm)  
A (ern') 
specific R - 
effective R 
And the calculated ratio of dL/A is thus 331/769 = 0.43. This factor may 
then be used directly to calculate the effective resis tance for other solutions 
when the specif ic  res is tance i s  known. 
9 1  
. 
A\ 
\ 
B 
. 
A = epoxy matrix 
B = stainless  steel  rod 
C = platinum foil 
D = silver disc  reference electrode 
E = electrical  leads 
Epoxy matrIx is about 1" i n  diameter and 1 / L  I '  thick.  
area is about 0 . 8  - 0 . 8 5  cm"'. 
Recessed cavity 
Figure 2 6  
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